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Abstract: Cellular stressors have been demonstrated to exert a substantial influence on
the functionality of organelles, thereby impacting cellular homeostasis and contributing
to the development of disease pathogenesis. This review aims to examine the impact of
diverse stressors, including environmental, chemical, biological, and physical factors, on
critical organelles such as the cell membrane, mitochondria, endoplasmic reticulum, Golgi
apparatus, lysosomes, and membrane-less organelles. The intricate molecular mechanisms
underlying cellular stress responses, encompassing oxidative stress, protein misfolding,
and metabolic reprogramming, have the capacity to elicit adaptive responses or culminate
in pathological conditions. The interplay between these stressors and organelle dysfunction
has been implicated in a myriad of diseases, including neurodegenerative disorders, cancer,
metabolic disorders, and immune-related pathologies. A comprehensive understanding of
the mechanisms by which organelles respond to stress can offer valuable insights into the
development of therapeutic strategies aimed at mitigating cellular damage.

Keywords: cellular stressors; cell membrane; mitochondria; endoplasmic reticulum; Golgi
apparatus; lysosomes; stress granules; processing bodies; Cajal bodies

1. Introduction
The cellular stress refers to a condition wherein cells experience adverse effects due to

various internal and external factors, disrupting their normal functioning and potentially
leading to cell damage or death [1]. However, cells have evolved sophisticated mechanisms
to adapt to such disturbances. One fundamental process is hormesis, where exposure to low
levels of stressors induces beneficial responses that enhance cellular resilience and function.
In contrast, high levels of stress can overwhelm these adaptive mechanisms, leading to cel-
lular dysfunction and disease [2]. The impact of cellular stress extends beyond individual
cells, influencing the overall function of tissues and organs [1,3]. Cellular stressors can be
broadly categorized into four main types: environmental, chemical, biological, and physical
stressors [4]. These stressors encompass a diverse range of challenges to cellular function.
For instance, environmental stressors include temperature extremes, such as heat waves
that denature proteins or cold snaps that damage cell membranes, as well as ultraviolet (UV)
radiation from sunlight that causes DNA damage and heavy metals like lead or mercury
that induce oxidative stress [5–7]. Chemical stressors involve exposure to substances such
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as pesticides (e.g., organophosphates like chlorpyrifos, which disrupt neural signaling)
and industrial pollutants (e.g., benzene, which impairs metabolic pathways), alongside
nutritional imbalances like excessive sugar intake leading to metabolic stress [8–10]. Bi-
ological stressors include pathogens, such as the SARS-CoV-2 virus that hijack cellular
machinery or Escherichia coli bacteria that trigger immune responses, and conditions like
glucose starvation that disrupt energy metabolism. Physical stressors, meanwhile, com-
prise mechanical forces, such as shear stress from blood flow affecting vascular endothelial
cells, and osmotic pressure changes, such as those experienced by kidney cells in varying
solute concentrations [11–14]. Cellular stress triggers a variety of responses in different
organelles, which play critical roles in maintaining cellular homeostasis and managing the
consequences of stress [15]. Key organelles involved in cellular stress responses include the
cell membrane, mitochondria, endoplasmic reticulum (ER), Golgi apparatus, lysosomes,
and membrane-less organelles [15,16]. Under normal conditions, these organelles per-
form essential roles in cellular homeostasis. The cell membrane acts as a selective barrier,
regulating the transport of substances and facilitating cell signaling [17]. Mitochondria
serve as the cell’s powerhouses, generating ATP through energy metabolism [18]. The
ER is responsible for protein synthesis, folding, and lipid production, while the Golgi
apparatus modifies, sorts, and packages proteins and lipids for transport [19]. Lysosomes
function as recycling centers, degrading waste materials with hydrolytic enzymes [20].
Membrane-less organelles, such as stress granules, dynamically regulate RNA metabolism
and stress adaptation [21]. This baseline physiology underpins their responses to stressors,
which can disrupt these functions and trigger adaptive or pathological outcomes.

Prolonged exposure to various stressors can lead to detrimental effects on cellular
function and metabolism, contributing to the onset of chronic diseases and neurodegenera-
tive conditions [1,3,22]. Stress-induced protein modifications can disrupt normal cellular
functions and contribute to the pathogenesis of conditions like amyotrophic lateral sclerosis
and multiple sclerosis [1]. Moreover, oxidative stress can impair synaptic transmission
and lead to neuroinflammation, further exacerbating cognitive decline and mood disor-
ders [23,24]. Chronic stress has been implicated in the development of a variety of chronic
diseases, such as cancer, where oxidative DNA damage plays a critical role in carcinogene-
sis [23]. Cancer cells experience stress from both intrinsic and extrinsic sources. Intrinsic
factors include oncogenic stress, insufficient nutrient and oxygen supply, DNA damage,
and ER stress caused by the accumulation of mutant proteins [25]. Extrinsic factors often
involve therapeutic interventions, such as chemotherapy, which exacerbate cellular stress
within the tumor environment [26]. These stress responses can also influence the tumor
microenvironment, affecting immune responses and inflammation, making them a focal
point for novel anti-cancer strategies [25]. The ability of chronic stress to induce apoptosis
resistance in cancer cells further complicates therapeutic interventions, necessitating a
deeper understanding of the underlying mechanisms to improve treatment outcomes [27].
This review summarizes the effects of cellular stressors and their associated molecular
pathways across multiple cellular organelles, and we conclude by emphasizing potential
areas for future research.

2. Cellular Stressors
2.1. Environmental Stressors

Environmental stressors are among the most prevalent causes of cellular stress. For
instance, heat stress may lead to protein denaturation and disrupt cellular processes, while
extreme cold can damage cell membranes and impair metabolic functions [1,3]. Moreover,
exposure to ultraviolet (UV) radiation can cause DNA damage, potentially resulting in
mutations and cell death [1]. Additionally, the pH of the surrounding environment is a
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critical factor that impacts cellular metabolism. Most mammalian cells thrive at a neu-
tral pH (around 7), and deviations from this optimal range can negatively affect growth
rates and product synthesis [28]. Environmental pollutants, including heavy metals and
particulate matter, can induce oxidative stress and inflammation within cells, leading to
various adverse health outcomes. For instance, heavy metals such as lead and mercury are
known to disrupt normal cellular functions by altering enzymatic activity and damaging
DNA, proteins, and lipids [29,30]. Over and above that, microplastics and nanoplastics
interact with human cells through various mechanisms, leading to potential cellular stress
and damage. These interactions can occur through passive transportation and active
endocytosis, resulting in disruptions to the plasma membrane and other cellular struc-
tures [31–34]. Upon internalization, these particles can be entrapped in early endosomes
and transported to lysosomes, where they may interact with hydrolytic enzymes and affect
cellular metabolism [32]. These stressors trigger various cellular responses to repair damage
and maintain cellular integrity [33–35].

2.2. Chemical Stressors

Chemical stressors primarily involve exposure to harmful substances that disrupt
cellular processes [1,36]. Agricultural chemicals, such as pesticides and herbicides, pose
a risk to cellular health as they often contain toxic compounds that can affect metabolic
pathways. Exposure to these chemicals can activate stress response mechanisms, leading
to alterations in gene expression and activation of detoxification processes [29,37]. Indus-
trial chemicals, including solvents and plasticizers can leach into the environment and
subsequently enter biological systems, where they may cause cellular dysfunction. The
mechanisms of action often involve the activation of stress proteins that signal damage, re-
sulting in impaired cellular processes and increased vulnerability to other stressors [38,39].
Nutritional chemical stressors can also act as chemical stressors. For example, high levels
of saturated fats and sugars can lead to metabolic disorders by inducing cellular stress in
adipose tissues and pancreatic β-cells, resulting in conditions such as insulin resistance and
type 2 diabetes [37,39].

2.3. Biological Stressors

Biological stressors factors can trigger immune responses that can further stress the
host cell [1]. Pathogens such as viruses and bacteria represent significant biological stressors
that can hijack cellular machinery, leading to cellular dysfunction. The interaction between
pathogens and host cells often results in complex responses that can compromise cellular
integrity and function [40,41]. Furthermore, nutrient deprivation occurs when cells lack
essential resources necessary for growth, maintenance, and metabolism. This form of bio-
logical stress can arise from an inadequate supply of nutrients such as glucose, amino acids,
or vitamins. The absence of these vital components disrupts normal cellular processes,
potentially leading to metabolic imbalances and impaired cellular function [37,39]. Over
and above that, chronic inflammation caused by persistent infections or autoimmune dis-
eases can exacerbate cellular stress, leading to further cellular damage and dysfunction [28].
Oxidative stress, characterized by an imbalance between reactive oxygen species (ROS)
production and the antioxidant defenses of the cell, is a pervasive form of biological stress.
This can occur as a result of exposure to different stressors, leading to cellular damage that
manifests in various diseases, including cancer and neurodegenerative disorders [29,37].
The production of ROS can be triggered by both endogenous and exogenous sources,
making it a critical factor in understanding the impacts of different stressors [37].
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2.4. Physical Stressors

Cells often experience mechanical forces that can induce physical stress responses. For
example, cells in the cardiovascular system are constantly exposed to the mechanical shear
stress of blood flow. Similarly, bone cells respond to mechanical load by adapting their
function and structure to maintain bone density and strength [42]. Changes in osmotic
pressure, affecting the balance of water and solutes within and outside the cell, can also
lead to cellular stress as cells may shrink or swell in response to these changes [1,3].

3. Cell Membrane
The cell membrane, also known as the plasma membrane, is a critical component

of cellular architecture, functioning as a selective barrier that regulates the movement
of substances into and out of the cell. It facilitates cell recognition, adhesion, and signal
transduction, making it essential for various cellular processes, including tissue formation
and immune responses [43,44]. Its unique structure primarily comprises a phospholipid
bilayer, which forms the foundational matrix necessary for various cellular processes [45].
Integral and peripheral proteins play vital roles in the cell membrane function. These
proteins play significant roles in signal transduction, acting as intermediaries that convey
external signals to initiate intracellular responses [46]. Cholesterol is another important
component of the cell membrane, interspersed among phospholipids to enhance structural
integrity and functional versatility [47]. By preventing the membrane from becoming
overly permeable or rigid, cholesterol helps maintain the balance of fluidity and firmness
necessary for proper cellular function [48,49]. Finally, glycoproteins and glycolipids, which
are formed by the attachment of carbohydrates to proteins and lipids, respectively, play
key roles in cell recognition and communication [44].

3.1. Mechanisms of Cell Membrane in Stress

The cell membrane plays a critical role in how cells respond to various stressors, both
internal and external. During stress, the activity and localization of integral proteins can
be altered due to post-translational modifications. For example, stress-induced modifica-
tions can affect the functionality of transport proteins, ensuring that the cell can efficiently
respond to changing environmental conditions (Figure 1) [50,51]. Moreover, heat shock
proteins serve to maintain protein structure and function within the membrane by pre-
venting misfolding and degradation [52,53]. The membrane’s fluidity is influenced by
factors such as temperature and lipid composition, which are vital during stress responses.
For instance, high temperatures trigger membrane fluidity, enabling better movement of
integral and peripheral proteins, thus facilitating signaling pathways essential for stress
adaptation [54,55]. Also, phosphorylation of specific proteins in response to stress can
lead to a reduction in global protein synthesis, conserving resources and enabling the cell
to focus on recovery and repair processes [56]. MAPK pathways are a well-conserved
signaling module that transduces extracellular and intracellular stress signals through a
series of phosphorylation events [57]. The signaling pathways activated by cellular stress
in cell membranes, particularly the unfolded protein response (UPR) and MAPK pathways,
are interconnected with immune signaling networks. For instance, the activation of toll-like
receptors (TLRs) can influence UPR signaling, resulting in the production of inflammatory
cytokines, thereby integrating stress responses with immune activation (Figure 1) [58].
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Figure 1. Molecular mechanisms of cell membrane in different stress conditions. Created by www.
BioRender.com, accessed on 23 February 2025.

3.2. Effects of Various Stressors on Cell Membrane
3.2.1. Oxidative Stress

Oxidative stress modifies membrane proteins, including ion channels, receptors (e.g.,
EGFR, toll-like receptors), and transporters (e.g., glucose transporters), often through the
oxidation of cysteine residues, altering their function [59]. Additionally, lipid peroxidation
of membrane phospholipids affects membrane fluidity and integrity [60]. Genes involved
in antioxidant responses, such as Nrf2 (nuclear factor erythroid 2–related factor 2) and
HO-1 (heme oxygenase-1), are upregulated to counteract oxidative damage [61]. Signaling
pathways like MAPK/ERK, PI3K/AKT, and NF-κB are activated in response to oxida-
tive stress, influencing cell survival, apoptosis, and pro-inflammatory gene expression
(Figure 1) [62]. Cell types particularly sensitive to oxidative stress include endothelial cells,
neurons, and epithelial cells. For instance, in endothelial cells, oxidative stress disrupts the
barrier function of the cell membrane, contributing to vascular diseases [63].

3.2.2. Chemical Stress

Specific stressors, including bacterial endotoxins (e.g., lipopolysaccharides), environ-
mental toxins (e.g., bisphenol A), chemotherapeutic agents (e.g., doxorubicin), antibiotics
(e.g., gentamicin), heavy metals (e.g., arsenic, mercury, cadmium), and environmental pol-
lutants such as pesticides (e.g., glyphosate) and industrial chemicals (e.g., polychlorinated
biphenyls), can disrupt cell membrane integrity and signaling [63–66]. In response, mem-
brane transporters like P-glycoprotein and multidrug resistance proteins (MRPs) are often
upregulated to efflux toxic substances, while detoxification genes such as CYP450 enzymes
are induced to metabolize harmful chemicals (Figure 1) [67]. Membrane receptors like
GPCRs (G-protein-coupled receptors) can also be directly targeted by chemical stressors,
altering downstream signaling. The Nrf2/ARE pathway is activated to enhance antioxidant
and detoxification responses, while severe chemical stress often triggers apoptotic path-
ways, including caspase activation (Figure 1) [68]. Numerous studies have demonstrated
that certain chemicals can induce cell membrane stress in bacteria, ultimately leading to
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their destruction. For example, antibiotics such as aminoglycosides and fluoroquinolones
compromise membrane integrity, triggering cytoplasmic condensation and the leakage of
intracellular contents, which contributes to bacterial cell death [69]. Similarly, dimethyl
phthalate has been shown to disrupt the cell membrane of Escherichia coli K12, further
highlighting the role of chemical stressors in bacterial eradication [70]. On the other side,
osmotic stress, caused by changes in extracellular solute concentration, such as hypertonic
or hypotonic conditions, disrupts cell volume and membrane tension, leading to cellular
adaptations to maintain homeostasis [71,72]. These molecular and cellular responses aim
to mitigate the damaging effects of chemical stressors and maintain cellular homeostasis.

3.2.3. Thermal Stress

Heat shock (e.g., >42 ◦C), causes protein denaturation and changes in membrane
fluidity, while cold shock (e.g., <10 ◦C) induces membrane rigidification and alters ion
channel activity [73]. Rapid temperature fluctuations can further disrupt membrane in-
tegrity and signaling. In response, heat shock proteins (HSPs) such as HSP70 and HSP90
are upregulated to protect proteins from denaturation and assist in refolding, while cold
shock proteins like CIRP (cold-inducible RNA-binding protein) are induced during cold
stress (Figure 1) [73]. Changes in membrane fluidity due to alterations in lipid composition
also affect the function of embedded proteins. Signaling pathways like the heat shock
factor (HSF) pathway are activated, leading to the transcription of HSP genes, and the UPR
pathway is engaged to manage protein misfolding (Figure 1) [74]. Cell types particularly
responsive to thermal stress include epithelial cells, such as those in the skin, and immune
cells, which adapt to temperature changes to maintain function [75,76]. Neurons are also
highly sensitive to thermal stress, as temperature fluctuations can affect membrane po-
tential and synaptic transmission [77]. These molecular and cellular adaptations ensure
survival and functionality under varying thermal conditions.

3.3. Consequences of Cell Membrane Stress

Cellular stress caused by factors such as oxidative stress, toxins, pathogens, or
metabolic imbalances can disrupt the structure and function of the cell membrane, leading
to a variety of diseases [77]. Neurodegenerative diseases, such as Alzheimer’s and Parkin-
son’s, are closely linked to cellular stress, particularly oxidative stress, which severely
impacts neuronal cell membranes. In Alzheimer’s disease, oxidative damage to the lipid
bilayer leads to the accumulation of amyloid-beta plaques and tau protein tangles, disrupt-
ing membrane fluidity and signaling pathways, and ultimately contributing to neuronal
death [77]. Similarly, in Parkinson’s disease, mitochondrial dysfunction and oxidative stress
compromise the cell membrane’s ability to maintain ion gradients, resulting in calcium
dysregulation and progressive neuronal degeneration [78]. In atherosclerosis, oxidative
stress damages endothelial cell membranes lining blood vessels, triggering inflammation
and promoting the formation of atherosclerotic plaques [79]. Ischemia–reperfusion injury
occurs when oxygen deprivation (ischemia) followed by the restoration of blood flow
(reperfusion) causes increased membrane permeability, leading to cell swelling, rupture,
and extensive tissue damage [80,81].

Furthermore, in diabetes, chronic hyperglycemia induces oxidative stress, damaging
the membranes of pancreatic beta cells, impairing insulin secretion, and reducing mem-
brane fluidity in muscle and fat cells, contributing to insulin resistance [82]. On the other
side, cancer is associated with significant alterations in membrane properties and stress-
induced adaptations that impact cellular behavior and treatment response. Membrane
lipid composition in cancer cells often shifts toward increased levels of cholesterol and
saturated fatty acids, enhancing membrane rigidity and resistance to apoptosis, thereby
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promoting cancer cell survival [82]. Additionally, stress-induced membrane changes can
drive the overexpression of drug efflux pumps, such as P-glycoprotein, which actively
expel chemotherapeutic agents from the cell, contributing to drug resistance and reduced
treatment efficacy [82].

4. Mitochondria
Mitochondria act as the powerhouses of cells, using oxygen, sugars, and ketones

to generate the energy required for various cellular activities, especially in high-energy-
demand organs such as the heart, muscles, and brain [83,84]. The primary function of
mitochondria involves the catabolism of redox equivalents derived from nutrient uptake,
ultimately leading to ATP synthesis [85]. The oxidative phosphorylation system (OX-
PHOS) [85], located in the inner mitochondrial membrane, comprises five multi-oligomeric
complexes that are part of the electron transport chain (ETC). As electrons flow through
complexes, I to IV, they reduce molecular oxygen to water, coupling this reaction with pro-
ton pumping from the mitochondrial matrix to the intermembrane space. The subsequent
return of protons through ATP synthase generates ATP, providing the energy required for
cellular functions [86]. Mitochondrial function can be severely affected by cellular stress.
This stress often leads to mitochondrial dysfunction, which is characterized by decreased
ATP production and increased production of ROS, resulting in oxidative stress that can
exacerbate cellular damage and contribute to various diseases [87–89].

4.1. Mechanisms of Mitochondria in Stress

Mitochondria are not merely passive responders to stress but active participants in
cellular homeostasis [90,91]. They regulate redox balance by acting as sinks for free radicals,
mitigating oxidative stress and influencing signaling pathways critical for metabolism and
cellular adaptation [91–93]. Additionally, mitochondria sense environmental shifts, such
as changes in oxygen or carbon dioxide levels, through a process termed mitohormesis,
where low-level stress enhances mitochondrial function and cellular resilience [94,95]. This
adaptive capacity is exemplified by exercise, a hormetic stressor that induces mitochondrial
biogenesis, improves metabolic flexibility, and enhances resistance to oxidative and other
stressors [96,97]. For instance, physical activity upregulates pathways like AMPK/PGC-1α,
boosting mitochondrial efficiency and capacity, a mechanism critical for maintaining health
across species [98]. In response to cellular stress, mitochondria can undergo biogenesis,
a process regulated by factors such as peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC1α). PGC1α is known as a master regulator of mitochondrial bio-
genesis, enhancing the activity of transcription factors that control the expression of genes
related to OXPHOS [99,100]. This adaptive response aims to increase mitochondrial mass
and function, which is crucial for tissues that depend heavily on ATP production for their
physiological activities [100]. Changes in mitochondrial dynamics, such as mitochondrial
fission and fusion, are essential for maintaining mitochondrial function. Dysregulation
of these processes can significantly impact mitochondrial bioenergetics, especially under
conditions of oxidative stress [101]. For instance, research has shown that lipid peroxida-
tion increases the mitochondrial fission phenotype in isolated brain capillaries, leading to
decreased bioenergetic efficiency [101,102]. The dynamin-like GTPase OPA1 is vital for
mitochondrial fusion and shaping. Proper regulation of mitochondrial fission and fusion
processes is critical for combating mitochondrial dysfunction. Increased expression of long
isoforms of OPA1 has been shown to enhance respiration efficiency and improve cellular
resilience against stressors such as ischemia and OXPHOS deficiencies [85]. Consequently,
OPA1 serves as a key player in maintaining mitochondrial integrity and function during
periods of cellular stress. Following changes in mitochondrial dynamics, another critical
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mechanism by which cells manage mitochondrial stress is mitophagy, the selective au-
tophagic degradation of damaged or dysfunctional mitochondria. When mitochondria
experience severe stress—such as oxidative damage or mtDNA mutations—they are tar-
geted for removal to prevent the release of pro-apoptotic factors and excessive ROS [103]. A
well-characterized pathway involves PINK1 and Parkin: PINK1 accumulates on the outer
membrane of damaged mitochondria, recruiting the E3 ubiquitin ligase Parkin, which
ubiquitinates mitochondrial proteins, signaling autophagosome formation. This process
is essential for maintaining mitochondrial quality and cellular homeostasis, particularly
in high-energy-demand tissues like the brain and muscles [104]. On the other side, in
response to stressors such as calcium overload or oxidative pressure, mitochondria can
release calcium ions into the cytoplasm, activating pathways that modulate gene transcrip-
tion and promote mitochondrial biogenesis [102]. Additionally, the interaction between
mitochondrial and nuclear signaling pathways, such as the mTOR/AMPK pathway, helps
maintain homeostasis and adapt energy metabolism in response to cellular demands [100].

4.2. Effects of Various Stressors on Mitochondria
4.2.1. Oxidative Stress

Mitochondria counteract oxidative stress by acting as net sinks for free radicals, a
process that supports their role in redox control and metabolic flexibility, allowing cells to
adapt to fluctuating oxidative loads [105,106]. Oxidative stress, caused by an imbalance
between ROS production and antioxidant defenses, is a major mitochondrial stressor that
disrupts homeostasis and leads to mitochondrial dysfunction [103,107]. It induces changes
in mitochondrial proteins such as superoxide dismutase 2 (SOD2), which is upregulated
to neutralize ROS but can be inactivated under chronic stress, exacerbating damage [108],
and uncoupling proteins (UCPs), which help mitigate ROS damage [109]. Oxidative stress
also alters the expression of proteins involved in mitochondrial dynamics, including fission
protein DRP1 and fusion proteins OPA1 and MFN2, thereby impairing mitochondrial
dynamics [110]. Additionally, oxidative stress can directly damage mitochondrial DNA
(mtDNA), which lacks the protective histones and robust repair mechanisms of nuclear
DNA, making it highly susceptible to ROS-induced mutations and deletions. These mtDNA
alterations compromise the integrity of the electron transport chain, further exacerbating
mitochondrial dysfunction, though cells employ mitophagy to remove such damaged
mitochondria and mitigate these effects [111]. Additionally, it activates the Nrf2/ARE
signaling pathway, upregulating antioxidant defense genes like heme oxygenase-1 (HO-1)
and glutathione peroxidase (GPx) (Figure 2) [112].

4.2.2. Nutrient Stress

Nutrient stress, including caloric restriction, high-fat diets, or nutrient deprivation, sig-
nificantly impacts mitochondrial function [113]. Studies in the last five years have revealed
that nutrient stress alters the expression of genes and proteins involved in mitochondrial
biogenesis, energy metabolism, and stress resistance [114]. For instance, caloric restriction
upregulates sirtuins (e.g., SIRT1 and SIRT3), which deacetylate and activate mitochondrial
proteins, enhancing energy metabolism and stress resistance while promoting longevity
and metabolic health [115]. Additionally, PGC-1α, a master regulator of mitochondrial
biogenesis, is upregulated in response to nutrient stress in skeletal muscle and adipose
tissue, enhancing mitochondrial capacity and oxidative metabolism (Figure 2) [116]. Tissue-
specific effects include impaired mitochondrial fatty acid oxidation in liver cells under
high-fat diets, leading to lipid accumulation and insulin resistance [117], while in muscle
cells, exercise-induced nutrient stress enhances mitochondrial efficiency through AMPK
(AMP-activated protein kinase) activation (Figure 2) [118]. Under glucose limitation, cells
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rely on mitochondrial oxidative metabolism, with PERK and eIF2α enhancing mitochon-
drial function by increasing cristae density, supercomplex (SC) assembly, and respiration.
PERK and ATF4 promote SCAF1 expression, boosting mitochondrial respiration and ATP
production. Targeting PERK and SC assembly may offer therapeutic potential for mitochon-
drial dysfunction by stabilizing SCs and improving OXPHOS function [119]. Nutrients
like ω3 fatty acids, vitamin C, B12, folic acid, zinc, and magnesium protect mitochon-
drial function by reducing oxidative stress, supporting lipid raft formation, lowering toxic
homocysteine levels, and enhancing mitochondrial enzyme activity (Figure 2). These nu-
trients may help prevent or mitigate stress-related mitochondrial dysfunction, suggesting
their potential as therapeutic or preventive interventions for stress-induced psychiatric
conditions [120].

Figure 2. Effects of various stressors on mitochondria. Created by www.BioRender.com, accessed on
23 February 2025.

4.2.3. Hypoxia

Recent studies have demonstrated that hypoxia stabilizes hypoxia-inducible factor
1-alpha (HIF-1α), a key regulator of mitochondrial metabolism, under low oxygen con-
ditions [121]. HIF-1α downregulates mitochondrial ETC components and shifts cellular
energy production from oxidative phosphorylation to glycolysis [122]. This metabolic
adaptation is mediated by HIF-1α target genes, such as pyruvate dehydrogenase kinase
1 (PDK1), which inhibits pyruvate entry into the mitochondria, further reducing oxida-
tive phosphorylation [123]. Tissue-specific effects of hypoxia include promoting survival
and proliferation in cancer cells by enhancing glycolysis and suppressing mitochondrial
respiration [124], while in cardiac tissue, chronic hypoxia downregulates mitochondrial
ETC complexes, leading to reduced ATP production and contributing to heart failure [125].
These findings highlight the dual role of hypoxia in both promoting adaptive survival
mechanisms in cancer cells and driving pathological outcomes in cardiac tissue.

www.BioRender.com
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4.2.4. Environmental Stress

Exposure to environmental toxins, such as heavy metals (e.g., cadmium, arsenic)
and pollutants (e.g., pesticides like rotenone), has been shown to disrupt mitochondrial
function across various tissues and cell types [126–128]. In renal cells, cadmium expo-
sure leads to mitochondrial membrane potential loss and increased production of ROS,
ultimately triggering apoptosis [128]. Similarly, in neuronal cells, rotenone inhibits mi-
tochondrial complex I, resulting in Parkinson’s-like symptoms, highlighting the role of
mitochondrial dysfunction in toxin-induced neurodegenerative pathologies (Figure 2) [129].
Additionally, toxins like arsenic upregulate genes involved in the mitochondrial unfolded
protein response (UPRmt), such as HSP60 and HSP10, to counteract protein misfolding and
maintain cellular homeostasis (Figure 2) [130]. Tissue-specific effects are also evident; for
instance, in liver cells, toxin exposure impairs mitochondrial β-oxidation, contributing to
the development of steatosis [131]. Studies highlight the detrimental effects of PET-based
micro-nanoplastics (PETNPLs) on mitochondrial function in alveolar macrophages (MH-S
cells). Exposure to PETNPLs caused disruption of mitochondrial activity, increased intracel-
lular ROS levels, and alterations in macrophage polarization, shifting the balance between
M1 and M2 phenotypes. These changes suggest significant mitochondrial stress induced by
micro-nanoplastics [34,107]. Paraquat (PQ) has been reported to produce oxidative stress
in the rat midbrain and various cell lines, such as human lung carcinoma cells, hepatocytes,
and retinal pigmented epithelial cells. PQ can cause apoptosis through a ROS-mediated
mitochondrion-dependent pathway [132]. Moreover, Chlorpyrifos is an organophosphate
pesticide that can induce mitochondrial dysfunction by inhibiting complex I of the mito-
chondrial ETC, leading to ROS production [133]. These findings collectively underscore the
diverse mechanisms through which environmental toxins disrupt mitochondrial function,
leading to a range of pathologies.

4.2.5. Chemical Stress

LPS, a component of the outer membrane of Gram-negative bacteria, can activate the
immune system via toll-like receptors (TLRs), specifically TLR4. LPS exposure leads to
mitochondrial dysfunction and ROS production (Figure 2) [134]. Cisplatin is a chemother-
apy agent that causes DNA crosslinking and disrupts DNA repair mechanisms. It also
induces mitochondrial ROS production, leading to mitochondrial dysfunction and ox-
idative stress [135]. Cyanide directly inhibits mitochondrial respiration by binding to
cytochrome c oxidase (complex IV) in the electron transport chain, disrupting oxidative
phosphorylation [136]. Aflatoxin B1, a mycotoxin produced by Aspergillus species, induces
mitochondrial dysfunction by generating ROS and altering mitochondrial membrane in-
tegrity [137]. Doxorubicin (DOX) can be considered a stressor, particularly in the context of
mitochondrial stress and cardiac toxicity. The generation of damaging ROS and the inter-
action with cardiolipin, a lipid component of the inner mitochondrial membrane, is a key
pathway through which DOX induces stress in mitochondria, leading to cellular damage
and inflammation [138]. Mitochondria also regulate inflammation as an adaptive response
to repair damage, sensing stress via redox changes and releasing signals like mitochondrial
DNA to modulate immune responses, though chronic stress can shift this to pathological
inflammation [139,140]. Chronic inflammation is a key driver of mitochondrial dysfunction
across various tissues, mediated by pro-inflammatory cytokines such as TNF-α and IL-6.
These cytokines disrupt mitochondrial ETC activity and increase ROS production, particu-
larly in endothelial cells, contributing to the development of cardiovascular diseases [141].
In adipose tissue, inflammation-induced mitochondrial dysfunction exacerbates insulin
resistance and metabolic syndrome, highlighting tissue-specific effects [142]. Additionally,
mitochondrial dysfunction is closely linked to systemic inflammation through the release
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of mtDNA, which activates the NLRP3 inflammasome. NLRP3 was also activated upon
mitochondrial damage and release of ROS (Figure 2) [143]. This mechanism further un-
derscores the bidirectional relationship between mitochondrial stress and inflammatory
responses, emphasizing the central role of mitochondria in chemical-related pathologies.

4.2.6. Physical Stress

Physical stressors, such as exercise or mechanical injury, have contrasting effects
on mitochondrial function depending on the intensity and context. Moderate exercise
exemplifies a beneficial stressor, enhancing mitochondrial health by increasing metabolic
reserve and reducing sensitivity to other stressors [144]. Conversely, the removal of exercise,
as seen in sedentary lifestyles, diminishes this reserve, accelerating aging phenotypes and
heightening susceptibility to infections, as observed during the COVID-19 pandemic when
reduced physical activity correlated with increased viral sensitivity [145,146]. Moderate
exercise upregulates mitochondrial biogenesis and improves oxidative capacity in skeletal
muscle through the activation of the AMPK/PGC-1α pathway, enhancing the expression
of proteins like PGC-1α and TFAM (Figure 2) [147,148]. This promotes mitochondrial
health and energy metabolism, demonstrating the beneficial effects of controlled physical
stress (Figure 2). Conversely, excessive mechanical stress, such as in traumatic brain injury,
leads to mitochondrial fragmentation and impaired energy production in neuronal cells,
contributing to cell death and long-term neurological deficits [149]. These findings highlight
the dual role of physical stress in either enhancing or disrupting mitochondrial function,
depending on the nature and severity of the stressor.

4.3. Consequences of Mitochondrial Stress

Mitochondrial stress is linked to a broad spectrum of diseases, ranging from rare
genetic disorders to common chronic conditions (62). These diseases can affect virtually
any organ system, particularly those with high energy demands, such as the brain, heart,
and muscles [150,151]. Disruption of mitochondrial redox control and metabolic flexibility,
often exacerbated by sedentary lifestyles, reduces cellular resilience, increasing vulnera-
bility to stressors like viruses or metabolic overload [152]. Conversely, exercise-induced
mitochondrial adaptations enhance resistance to such pathologies, underscoring its role
in maintaining health [153]. Neurodegenerative diseases, including Alzheimer’s disease,
Parkinson’s disease and amyotrophic lateral sclerosis (ALS), are characterized by mito-
chondrial dysfunction, which plays a critical role in their pathogenesis. In Alzheimer’s
disease, mitochondrial dysfunction contributes to neuronal energy deficits, oxidative stress,
and the accumulation of amyloid-beta plaques [154,155]. Similarly, in Parkinson’s disease,
impaired mitochondrial function and increased ROS production are associated with the
degeneration of dopaminergic neurons [154]. In ALS, mitochondrial stress is implicated in
motor neuron degeneration and disease progression [156]. These findings highlight the
central role of mitochondrial dysfunction across various neurodegenerative conditions.
Additionally, chronic stress alters mitochondrial dynamics and function in regions such
as the hippocampus and prefrontal cortex, affecting proteins like DRP1 and OPA1, which
regulate mitochondrial fission and fusion [157]. In brain tissue, these changes disrupt
synaptic plasticity and contribute to mood disorders like depression and anxiety [158].

Furthermore, type 2 diabetes and obesity are both metabolic disorders linked to mito-
chondrial dysfunction, which plays a significant role in their development and progression.
In type 2 diabetes, mitochondrial dysfunction in pancreatic beta cells and insulin-sensitive
tissues contributes to impaired glucose metabolism [159]. Similarly, in obesity, excessive
nutrient intake can overwhelm mitochondrial capacity, leading to oxidative stress and
inflammation [159,160]. These interconnected mechanisms highlight the critical role of
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mitochondrial health in metabolic regulation and disease pathology. Cardiovascular dis-
eases, including heart failure and ischemia–reperfusion injury, are closely associated with
mitochondrial dysfunction, which significantly impacts their pathophysiology. In heart
failure, mitochondrial dysfunction in cardiomyocytes reduces ATP production and impairs
contractility, contributing to the deterioration of cardiac function [161,162]. Similarly, dur-
ing ischemia–reperfusion injury, such as in heart attacks, mitochondrial stress exacerbates
tissue damage due to increased ROS production and calcium overload [163]. Finally, mito-
chondrial stress can drive tumorigenesis by altering cellular metabolism and promoting
resistance to apoptosis, thereby enabling cancer cells to survive and proliferate [164,165].
Conversely, certain cancer therapies exploit mitochondrial function as a therapeutic target,
aiming to induce cancer cell death by disrupting mitochondrial integrity and function [166].
This dual role highlights the complex relationship between mitochondrial biology and
cancer progression, as well as its potential as a target for innovative treatments.

5. Endoplasmic Reticulum
The ER is a crucial organelle found in eukaryotic cells, characterized by an extensive

network of membranous tubules and sacs known as cisternae. This organelle extends from
the nuclear envelope throughout the cytoplasm, playing a vital role in several cellular pro-
cesses, including protein and lipid synthesis, detoxification, and calcium storage [167,168].
ER stress occurs when there is an accumulation of misfolded or unprocessed proteins within
the ER, disrupting its normal function [169,170]. This condition can arise from various fac-
tors that compromise the ER’s capacity to manage protein folding and quality control [171].
Under normal conditions, the ER ensures that only properly folded proteins are exported
to the Golgi apparatus for further processing. When proteins fail to fold correctly, they are
retained in the ER for re-processing. However, if the folding process is unsuccessful, these
proteins are ultimately sent to the cytosol for degradation via ER-associated degradation
(ERAD) pathways [172].

Several intrinsic and extrinsic factors can contribute to protein misfolding within the
ER, such as mutations in genes encoding for proteins that can lead to misfolded variants,
which not only fail to function properly but may also interfere with the processing of normal
proteins (Figure 3). Such mutations can result in dominant-negative effects where mutant
proteins disrupt the function of wild-type counterparts [173]. Additionally, Abnormal
chemical modifications of proteins, which may occur due to metabolic disturbances or
oxidative stress, can impede proper folding. Oxidative stress, in particular, can lead to
the formation of protein aggregates that are difficult for the ER to handle (Figure 3) [173].
Moreover, situations that significantly increase the need for protein synthesis, such as
cellular stress or inflammation, can exceed the ER’s ability to efficiently fold proteins.
The balance between the protein load and the folding capabilities of the ER becomes
disrupted, leading to stress [171,174]. Pathogen-associated molecular patterns (PAMPs)
and danger-associated molecular patterns (DAMPs) can stimulate inflammatory responses
that exacerbate ER stress. For example, during infections, the immune response can drive
the production of cytokines that increase the burden on the ER, thereby contributing to
stress conditions [175].
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Figure 3. Intrinsic and extrinsic factors inducing ER stress. Created by www.BioRender.com, accessed
on 1 February 2025.

5.1. Mechanisms of ER in Stress

In response to stressors, the ER initiates a cellular stress response known as the
UPR [176]. The UPR is designed to restore homeostasis by enhancing the capacity of the ER
to fold proteins, upregulating chaperone proteins, and ultimately facilitating the degrada-
tion of irreparably misfolded proteins. However, if the stress is too severe or prolonged, the
UPR can trigger apoptosis to prevent damaged cells from proliferating [177–179]. The UPR
is initiated by three primary signaling pathways: IRE1α, PERK, and ATF6 (Figure 4) [180].

Figure 4. Molecular mechanisms of ER in stress. Created by www.BioRender.com, accessed on
1 February 2025.

IRE1α is a type I transmembrane protein that acts as a sensor for misfolded proteins
in the ER. Upon activation, IRE1α undergoes dimerization and trans autophosphorylation,
which leads to its endoribonuclease activity. This activity promotes the unconventional
splicing of X-box binding protein 1 (XBP1) mRNA, resulting in the production of a potent
transcription factor, XBP1s, that upregulates genes involved in protein folding and degra-
dation, thus enhancing the ER’s capacity to cope with stress [180–182]. Additionally, IRE1α
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activation is linked to the regulation of cell survival and apoptosis (Figure 4) [181]. The
PERK (protein kinase RNA-like endoplasmic reticulum kinase) pathway is another crucial
component of the UPR. When activated, PERK phosphorylates the eukaryotic translation
initiation factor 2α (eIF2α), leading to a global reduction in protein synthesis. This decrease
in new protein production reduces the burden on the ER, allowing it to focus on processing
existing proteins more effectively. However, the activation of PERK also promotes the
expression of specific stress-response genes that aid in cell survival during stress conditions
(Figure 4) [180,181]. The third pathway involves ATF6 (activating transcription factor 6),
which, upon activation, translocate to the Golgi apparatus where it is cleaved to release an
active transcription factor that enters the nucleus. This factor regulates the expression of
genes involved in protein folding, quality control, and ERAD pathways. ATF6 signaling has
also been shown to mitigate the effects of amyloidogenic proteins, suggesting a protective
role against certain types of cellular stress (Figure 4) [181,183].

5.2. Effects of Various Stressors on ER
5.2.1. Oxidative Stress

Oxidative stress plays a pivotal role in various cellular processes, including the mis-
folding of ER-resident proteins. ROS inducers, such as hydrogen peroxide (H2O2) and
superoxide radicals (O2

−), along with lipid peroxidation products like 4-hydroxynonenal
(4-HNE), have been implicated in the disruption of protein homeostasis. Recent studies
have shown that these oxidative agents contribute to the misfolding of critical ER-resident
proteins such as BiP/GRP78 and protein disulfide isomerase (PDI), which are essential
for protein folding and quality control [184]. In response to these stressors, cells upreg-
ulate antioxidant genes, notably heme oxygenase-1 (HO-1), which plays a crucial role in
mitigating oxidative damage [185]. The activation of cellular signaling pathways is a key
adaptive response to oxidative stress. One of the major pathways involved is the PERK-
eIF2α-ATF4 pathway, which helps in managing the accumulation of misfolded proteins
and modulating the cell’s response to stress. Studies investigating these processes are often
conducted in various cell types, including neuronal cells, which are relevant in the context
of neurodegenerative diseases such as Alzheimer’s disease, pancreatic β-cells associated
with diabetes, and cardiovascular tissues, where oxidative stress contributes to diseases
like atherosclerosis [186].

5.2.2. Nutrient Stress

Nutrient deprivation, including glucose deprivation, amino acid starvation (such
as leucine or glutamine deprivation), and lipid scarcity, has significant effects on ER
metabolism and its protein homeostasis. Recent studies have demonstrated that these
forms of nutrient stress disrupt protein glycosylation and folding processes, leading to the
accumulation of misfolded proteins in the ER. In response, cells activate compensatory
mechanisms such as the upregulation of ER chaperones, particularly GRP94, which assists
in protein folding and stabilizes the ER environment [187]. A critical pathway activated
during nutrient deprivation is the IRE1-XBP1 signaling pathway, which enhances protein
folding, degradation of misfolded proteins, and lipid biosynthesis, thereby maintaining
cellular homeostasis under this stress conditions [188,189]. Lipotoxicity, resulting from
the accumulation of excess lipids, disrupts ER homeostasis, particularly in the context of
obesity [190]. Recent studies have shown that high-fat diets can elevate markers of ER
stress. For instance, obese mice on mentioned diets exhibit increased phosphorylation
of PERK. This heightened phosphorylation indicates an active ER stress response, which
is associated with metabolic disturbances and insulin resistance [191]. This pathway is
essential for managing the increased load of misfolded proteins while simultaneously
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promoting cellular adaptation to nutrient shortages [191]. Collectively, these findings
underscore the critical role of nutrient balance in maintaining ER function and highlight
the potential consequences of nutrient-induced ER stress on metabolic health.

5.2.3. Viral Infections

Recent studies have shown that various viruses, including SARS-CoV-2, influenza
virus, hepatitis C virus (HCV), and herpes simplex virus (HSV), significantly impact
host cellular processes, particularly those involved in protein homeostasis [192]. These
viruses overwhelm the protein folding capacity of the ER, leading to cellular stress. In
response, cells activate several compensatory mechanisms, including the upregulation of
ERAD components such as EDEM1 and SEL1L. These components aid in the clearance of
misfolded proteins, attempting to restore cellular balance [193]. In addition to the host’s
response, these viruses have evolved strategies to hijack the UPR pathways for their benefit.
One of the critical pathways activated during viral infections is the IRE1-XBP1 signaling
pathway, which not only aids in protein folding and quality control but also promotes viral
replication by creating an environment conducive to viral survival and proliferation [194].
Studies investigating these processes are commonly conducted in immune cells, such
as macrophages, as well as epithelial cells in respiratory or gastrointestinal tracts, and
hepatocytes, where viral infections like HCV and SARS-CoV-2 cause significant cellular
disruption [195].

5.2.4. Chemical Stress

Recent studies have shown that agents such as thapsigargin (a SERCA pump inhibitor),
ionomycin (a calcium ionophore), and excessive glutamate exposure lead to significant
cellular stress, primarily through disruption of calcium homeostasis [196]. These stressors
have been implicated in the dysfunction of calcium-dependent chaperones, including
calnexin and calreticulin, which play crucial roles in protein folding and quality control
within the ER. The loss of function of these chaperones compromises protein homeostasis
and contributes to ER stress [196]. Additionally, these conditions can activate pro-apoptotic
genes such as CHOP, which is associated with the induction of cell death in response
to prolonged ER stress [197]. A key feature of the cellular response to these stressors is
the activation of all three branches of the UPR. Studies examining these processes are
commonly conducted in various cell types, including cardiac myocytes in the context of
heart failure, neuronal cells in models of stroke, and skeletal muscle cells, where calcium
dysregulation and glutamate toxicity contribute to cellular injury [198].

Recent studies have shown that pharmacological inhibitors such as tunicamycin (an
N-linked glycosylation inhibitor), Brefeldin A (which disrupts ER-Golgi transport), and
bortezomib (a proteasome inhibitor) have profound effects on ER protein homeostasis,
primarily by inducing ER stress [199]. In response, cells activate protective mechanisms,
including the upregulation of ER chaperones like BiP/GRP78, which assist in protein
refolding and reduce the burden on the ER [200]. However, prolonged or excessive ER
stress can lead to maladaptive responses, including the activation of CHOP [200]. The
activation of the UPR is a critical component of the cellular response to these stressors.
Specifically, the PERK and ATF6 pathways are activated, initiating adaptive responses
that help cells cope with the stress of protein misfolding [200]. In another study, the
investigation of TXNDC5 deficiency leads to altered mRNA and protein expression of key
ER stress markers, with reduced IRE1 and PERK protein levels and increased BiP levels.
The absence of TXNDC5 increases ROS production under tunicamycin-induced ER stress.
Different stress inducers, such as tunicamycin and palmitic acid, selectively affect ER stress
cascades, with TXNDC5 playing a pivotal role in modulating these pathways [169].



Stresses 2025, 5, 26 16 of 42

5.2.5. Protein Overloading

Recent studies have shown that the overexpression of misfolded proteins, such as
amyloid-beta (Aβ) in Alzheimer’s disease, mutant insulin (e.g., Akita insulin) in diabetes,
and mutant fibrinogen in liver disease, plays a significant role in the pathogenesis of
these disorders [201]. These aberrant proteins accumulate in the ER, overwhelming the
organelle’s protein-folding capacity and triggering cellular stress. As a result, the cell
activates protective mechanisms, including the upregulation of ERAD components. Addi-
tionally, the UPR is activated to alleviate the burden of misfolded proteins and maintain
cellular function [200]. The activation of specific UPR pathways, including PERK and IRE1,
plays a crucial role in the cellular response to this stress. While these pathways initially
attempt to restore balance by enhancing protein folding and degradation, prolonged or
unresolved stress can lead to the activation of pro-apoptotic pathways, ultimately resulting
in cell death [202]. In renal physiology, particularly within proximal tubular cells (PTCs),
protein overload has been shown to induce ER stress. Studies have demonstrated that
exposure of PTCs to excessive albumin leads to ER stress and subsequent apoptosis. This
suggests that proteinuria, a condition characterized by elevated protein levels in the urine,
can contribute to kidney injury through mechanisms involving ER stress [203].

5.3. Consequences of ER Stress

Recent studies indicate that ER stress plays a pivotal role in the development and
progression of various neurodegenerative diseases, including Alzheimer’s and Parkinson’s
disease. The accumulation of misfolded proteins triggers the UPR, which, if unresolved,
can lead to neuronal apoptosis and neuroinflammation [172,201,204]. ER stress is also
implicated in cancer biology [205]. Tumor cells often experience elevated levels of ER stress
due to rapid proliferation and metabolic demands, leading to adaptive responses that
promote survival. Proteins such as GRP78 are upregulated in various tumors, aiding in
their resistance to therapies [181]. Inhibition of the UPR has been proposed as a therapeutic
strategy, as the downregulation of stress-related proteins can enhance the sensitivity of
cancer cells to treatments [181,206]. In cardiovascular pathology, ER stress is linked to
the development of atherosclerosis and endothelial dysfunction. It has been shown that
factors like hyper-homocysteinemia can induce ER stress in endothelial cells, contributing
to inflammation and cellular dysfunction [175,207]. This relationship underscores the im-
portance of ER stress in vascular diseases and suggests potential pathways for intervention
to alleviate cardiovascular complications.

On the other side, many therapeutic targets identified are small molecule inhibitors
designed to alleviate ER stress. Most of these candidates remain in preclinical stages due to
concerns regarding their toxicity, safety, and metabolic processes in vivo [208]. However,
some inhibitors have demonstrated efficacy; for instance, GSK2656157 has shown potential
in enhancing the sensitivity of colorectal cancer cells to 5-fluorouracil (5-FU) treatment [208].
Furthermore, the PERK inhibitor 42,215 has been noted for its antitumor effects, inducing
apoptosis and G2/M cell cycle arrest in HT-29 human colon adenocarcinoma cells [208].
These findings suggest that modulating ER stress pathways could be a viable strategy for
cancer therapy.

6. Golgi Apparatus
The Golgi apparatus, also referred to as the Golgi complex or Golgi body, is a cru-

cial organelle in eukaryotic cells, characterized by its unique structural organization and
function. It consists of a series of flattened, membrane-bound sacs known as cisternae,
which are typically arranged in stacks [209]. The arrangement of these cisternae is crucial
for the effective processing of proteins and lipids, allowing for compartmentalized enzy-
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matic activities necessary for various modifications, such as glycosylation [210]. The Golgi
apparatus is composed of distinct regions, including the cis-Golgi, medial-Golgi, and trans-
Golgi, each playing specific roles in processing and transporting cellular products [211,212].
Surrounding the Golgi apparatus is a network of vesicles and tubules that facilitate the
transport of materials. Transitional vesicles, which emerge from the ER, fuse with the cis
face of the Golgi, contributing to the formation of new cisternae [213]. Once proteins and
lipids are processed within the Golgi, they are packaged into secretory vesicles that bud
from the trans face, directing these materials to their final destinations within or outside
the cell [213].

6.1. Mechanisms of Golgi Apparatus in Stress

The Golgi apparatus plays a pivotal role in cellular stress responses, particularly in
the context of its structural integrity and functional capacity. Under various forms of stress,
the Golgi can undergo significant morphological changes that trigger specific signaling
pathways to mitigate stresses [214,215]. When the Golgi encounters elevated levels of
unmodified proteins, it activates a response known as the Golgi Apparatus Stress (GAS)
response, which mirrors the ER stress response [216]. This response is characterized by
three primary signaling pathways: TFE3, HSP47, and CREB3-ARF4 (Figure 5). The TFE3
pathway is particularly crucial, as it involves the translocation of TFE3 to the nucleus, where
it initiates the transcription of genes that encode enzymes necessary for post-translational
modifications, including glycosyltransferases [217,218]. Emerging evidence suggests that
fragments of Golgi proteins, such as golgin-160, produced through caspase-2 cleavage
during Golgi stress can translocate to the nucleus and may play roles in gene expression
modulation (Figure 5) [219]. These nuclear fragments potentially act as transcriptional
enhancers or repressors, contributing to the cellular response to stress [219]. Notably, cells
expressing caspase-resistant variants of these proteins exhibit reduced sensitivity to apopto-
sis under certain stress conditions, indicating a complex interplay between Golgi integrity
and cell survival pathways [219]. Also, prolonged stress can lead to Golgi disassembly,
resulting in the degradation of key structural proteins, such as GM130. This process is
mediated by the association of the 26S proteasome with the cytosolic surface of Golgi
membranes, facilitating Golgi Apparatus-Related Degradation (GARD) [220–222].

6.2. Effects of Various Stressors on Golgi Apparatus
6.2.1. Oxidative Stress

Oxidative stress disrupts Golgi structure and function by inducing fragmentation of
the Golgi apparatus and altering the expression of Golgi-resident proteins such as GM130
and GRASP65, which are essential for Golgi stacking and maintenance [223]. This stress
activates signaling pathways like ERK/MAPK and PI3K/AKT, leading to Golgi remodeling,
and triggers the UPR, which affects Golgi function by altering protein trafficking and
secretion (Figure 5) [224,225]. These effects have been observed in neuronal cells, where
oxidative stress-induced Golgi fragmentation [226], as well as in cardiomyocytes, where
it contributes to Golgi dysfunction [225]. Another specific stressor is the inhibition of
O-glycosylation, which triggers the upregulation of HSP47, a chaperone that protects cells
from Golgi fragmentation (Figure 5) [227]. Inhibition of this post-translational modification
leads to an accumulation of collagen within the Golgi, resulting in structural perturbations
and apoptosis in the absence of protective chaperone activity [228].
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Figure 5. Molecular mechanisms of Golgi in stress. Created by www.BioRender.com, accessed on
19 February 2025.

6.2.2. Nutrient Stress

Lipid stress induces the expression of GOLPH3, which promotes Golgi expansion and
vesicular trafficking [229], while nutrient deprivation impairs protein glycosylation and
secretion through the Golgi (Figure 5). Key signaling pathways, such as the mTOR pathway
and SREBP signaling, regulate Golgi function under metabolic stress by influencing lipid
and protein trafficking (Figure 5) [230]. These effects are observed in various cell types,
including adipocytes, where metabolic stress-induced Golgi dysfunction contributes to
obesity-related metabolic disorders [231], and hepatocytes, where lipid overload disrupts
Golgi function, leading to fatty liver disease [231,232]. Together, these findings highlight
the critical role of nutrient stress in altering Golgi structure and function, with significant
implications for metabolic health and disease.

6.2.3. Hypoxia

Hypoxia downregulates the expression of GOLPH3, a protein critical for maintaining
Golgi structure and function, leading to Golgi fragmentation and impaired protein traffick-
ing (Figure 5) [233,234]. Additionally, hypoxia alters glycosylation processes in the Golgi,
affecting the maturation of secreted and membrane-bound proteins [235]. Hypoxia also
activates the AMPK pathway, which modulates Golgi dynamics and energy-dependent
processes. These hypoxia-induced changes are particularly relevant in cancer cells, where
Golgi alterations promote tumor progression and metastasis by enhancing the secretion of
pro-invasive factors [236]. Similarly, in endothelial cells, hypoxia disrupts Golgi function,
contributing to vascular dysfunction and angiogenesis defects [237]. These findings high-
light the significant impact of hypoxia on Golgi structure and function across different cell
types and its implications in disease progression.

www.BioRender.com
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6.2.4. Viral Infections

Infectious stress caused by viral and bacterial pathogens can hijack the Golgi apparatus
for replication, immune evasion, or toxin delivery, leading to significant disruptions in its
structure and function. For example, SARS-CoV-2 infection disrupts Golgi structure and al-
ters the expression of Golgi-resident proteins such as TGN46 and GOLGA2 [238]. Similarly,
bacterial toxins like Shiga toxin target the Golgi, impairing its function [239]. Influenza A
virus (IAV) infections further exemplify this disruption, as multiple IAV subtypes induce
morphological changes in the Golgi, including fragmentation and swelling within 36 h post
infection [239]. This is associated with the activation of the TFE3 pathway, highlighting
how viral infections can elicit a robust Golgi stress response, potentially impacting viral
replication and host cell integrity (Figure 5) [227]. Pathogens often manipulate host cell
signaling pathways, including the NF-κB and interferon pathways, to alter Golgi function
and evade immune responses (Figure 5) [240]. These effects are studied in various cell
types, including immune cells, where Golgi dysfunction impairs cytokine secretion and
immune responses [240,241], and epithelial cells, where pathogen-induced Golgi changes
contribute to tissue damage and inflammation [228]. Together, these findings demonstrate
how infectious stress disrupts Golgi integrity and function, with significant implications
for host–pathogen interactions, immune evasion, and disease progression.

6.2.5. Chemical Stress

Exposure to chemicals like Brefeldin A and Monensin inhibits protein trafficking
through the Golgi, leading to Golgi fragmentation and impaired secretion [219,242].
Ionophores like Monensin and Nigericin neutralize Golgi luminal pH and block intra-
Golgi trafficking [243,244]. Lithocholylglycine inhibits α-2,3-sialyltransferase, affecting
glycosylation [245]. Targeting the ADP ribosylation factor (ARF) proteins with compounds,
such as Brefeldin A and Golgicide A, induces Golgi stress by increasing redistribution of
the Golgi in the ER [246,247]. Exo2 blocks ER-to-Golgi transport, disrupting Golgi func-
tion while sparing the trans-Golgi network (TGN) [248]. Camptothecin and doxorubicin
cause Golgi fragmentation by triggering DNA-PK-mediated phosphorylation of GOLPH3,
leading to impaired vesicular transport [249]. These chemicals also alter the expression of
Golgi-associated genes involved in vesicle formation and fusion. Mechanistically, chemical
stressors activate the UPR and autophagy pathways, which can lead to Golgi degradation
or remodeling (Figure 5) [235]. Additionally, the JNK pathway is implicated in Golgi
stress responses. These effects are observed in various cell types, including hepatocytes,
where chemical stress-induced Golgi dysfunction contributes to liver injury and impaired
detoxification [250].

6.2.6. Physical Stress

Physical stress such as shear stress or stretching, physically deforms cells and or-
ganelles, including the Golgi apparatus, leading to its reorganization. This reorganization
alters the expression and localization of Golgi proteins, such as Giantin and GM130, and
disrupts Golgi-mediated secretion and cell polarity [251]. Mechanistically, physical stress
activates the YAP/TAZ pathway, part of the Hippo signaling network, which influences
Golgi structure and function (Figure 5) [252]. Additionally, the RhoA/ROCK pathway
plays a role in Golgi remodeling under physical stress (Figure 5). These effects are partic-
ularly prominent in epithelial cells and fibroblasts, where physical stress-induced Golgi
changes impact cell migration and wound healing [253]. In cardiomyocytes, physical stress
contributes to Golgi dysfunction, which is implicated in heart disease [254]. These findings
demonstrate how physical stress disrupts Golgi structure and function, with significant
implications for cellular processes and disease progression across different cell types.
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6.3. Consequences of Golgi Apparatus Stress

When the Golgi apparatus experiences stress—due to factors such as oxidative stress,
protein misfolding, or disruptions in membrane trafficking—it can lead to cellular dysfunc-
tion and contribute to the pathogenesis of various diseases [222]. Golgi stress is closely
associated with neurodegenerative disorders, where impaired protein trafficking and pro-
cessing contribute to neuronal dysfunction and cell death. In Alzheimer’s disease, the
accumulation of misfolded proteins, such as amyloid-beta (Aβ) and tau, disrupts Golgi
function, leading to Golgi fragmentation and impaired vesicular trafficking. These defects
result in defective protein sorting and secretion, exacerbating neuronal damage [255]. Sim-
ilarly, in Parkinson’s disease, mutations in genes such as LRRK2 and PARK2 are linked
to Golgi dysfunction, causing disrupted Golgi structure and impaired vesicular transport.
This contributes to the accumulation of toxic proteins like alpha-synuclein, a hallmark
of Parkinson’s disease [256]. In ALS, mutations in genes like SOD1 and C9ORF72 dis-
rupt Golgi integrity and function, leading to Golgi fragmentation and impaired protein
trafficking in motor neurons, which further drives disease progression [257].

Moreover, Golgi stress contributes to tumorigenesis and cancer progression through
several mechanisms. Dysregulated protein trafficking is a major factor, as alterations in
Golgi function can lead to the mislocalization of oncogenic proteins and growth factors,
promoting uncontrolled cell growth and metastasis [258]. Furthermore, the Golgi is re-
sponsible for post-translational modifications, including glycosylation, and glycosylation
defects in cancer cells can lead to aberrant glycosylation of proteins and lipids. This alters
cell signaling, immune evasion, and metastasis, further driving cancer progression [258].
Together, these mechanisms highlight the pivotal role of Golgi stress in cancer development
and progression, emphasizing its impact on cellular processes critical to tumor biology.

Additionally, in type 2 Diabetes, the Golgi apparatus plays a critical role in insulin
secretion and processing. Golgi stress can impair insulin trafficking and secretion in pan-
creatic beta cells, contributing to insulin resistance and the development of diabetes [259].
Similarly, in Non-Alcoholic Fatty Liver Disease (NAFLD), Golgi dysfunction disrupts lipid
metabolism and secretion, leading to the accumulation of lipids in hepatocytes. This lipid
buildup can drive the progression of NAFLD to more severe conditions, such as steato-
hepatitis and cirrhosis [260]. Also, viral infections, such as those caused by SARS-CoV-2,
influenza, and hepatitis C virus (HCV), hijack the Golgi apparatus for viral assembly and
secretion. This exploitation induces Golgi stress, disrupts cellular function, and contributes
to disease pathology [238,239,261]. Similarly, bacterial infections involve pathogens like
Chlamydia and Legionella, which manipulate Golgi function to create a niche for replica-
tion. This manipulation leads to Golgi stress and cellular damage, further exacerbating
the infection [262]. Together, these examples highlight how pathogens exploit the Golgi
apparatus, inducing stress and dysfunction that contribute to the progression and severity
of metabolic and infectious diseases.

7. Lysosomes
Lysosomes are specialized, membrane-bound organelles predominantly found in ani-

mal cells [263,264] and contain a dense array of hydrolytic enzymes housed within their
lumen. The lysosomal membrane is unique in its composition, containing highly glycosy-
lated lysosomal-associated membrane proteins and lysosomal integral membrane proteins.
These proteins form a protective coat on the inner surface of the membrane, shielding it
from degradation by the hydrolytic enzymes contained within the lysosome [263,265]. Lyso-
somes contain approximately 50 different hydrolytic enzymes, including proteases, lipases,
amylases, and nucleases, each specialized for the degradation of various biomolecules
such as proteins, lipids, carbohydrates, and nucleic acids [263,264]. This diverse enzymatic
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arsenal allows lysosomes to perform complex roles in cellular maintenance, contributing
significantly to overall cellular homeostasis [265]. Lysosomes are often referred to as the “di-
gestive compartments” of the cell due to their critical role in the degradation and recycling
of cellular components [266]. Lysosomes facilitate intracellular digestion by fusing with
food vacuoles after the cell has engulfed food particles. Upon fusion, hydrolytic enzymes
are released into the vacuole, where they break down complex biomolecules into simpler,
usable forms that can permeate the vacuole membrane and provide nutrients for cellular
energy production and growth [265,267].

7.1. Mechanisms of Lysosomes in Stress

Lysosomes play a crucial role in managing cellular stress through various mechanisms
that involve the degradation and recycling of cellular components. One of the primary
functions of lysosomes during cellular stress is autophagy, a physiological process that
helps in the removal of damaged organelles and misfolded proteins [268,269]. This process
is essential for cellular maintenance, especially during stress situations such as nutrient
deprivation or oxidative stress. During autophagy, defective organelles are enveloped by
double-membrane vesicles known as autophagosomes, which then fuse with lysosomes
to degrade their contents [268,269]. The lysosomal enzymes break down these materials
into basic building blocks that can be recycled to support cellular function and repair [270].
Lysosomes are also involved in heterophagy, where they digest exogenous materials taken
up by the cell via phagocytosis or pinocytosis. This is particularly relevant in immune
responses, where lysosomes degrade pathogens and debris, ensuring that cellular integrity
is preserved during infection or injury [270,271].

Beyond degradation, lysosomes are integral to various signaling pathways that re-
spond to cellular stress. They can sense nutrient availability and activate signaling cascades,
such as PI3K/AKT, to regulate cell growth and survival [272]. When lysosomes are stressed,
adaptive responses are triggered to cope with the dysfunction (Figure 6). This includes
the translocation of transcription factors such as Transcription Factor EB (TFEB), TFE3,
and MITF to the nucleus, which then upregulate genes involved in lysosomal biogenesis
and autophagy (Figure 6) [273,274]. However, these compensatory mechanisms may not
fully restore lysosomal function, particularly in chronic conditions, leading to a cycle of
dysfunction and stress [274]. Additionally, the role of calcium and mTORC1 (mechanistic
Target of Rapamycin Complex 1) modulation in these adaptive changes highlights the
complexity of lysosomal stress responses and their impact on overall cellular health [275].

7.2. Effects of Various Stressors on Lysosomes
7.2.1. Oxidative Stress

Oxidative stress upregulates lysosomal membrane proteins such as LAMP1 and
LAMP2, which protect lysosomes from damage [276,277]. In neuronal cells, oxidative
stress activates the transcription factor TFEB, a master regulator of lysosomal biogenesis
and autophagy [278]. TFEB activation promotes the expression of lysosomal genes and
proteins, including cathepsins and V-ATPase subunits, to enhance lysosomal function and
mitigate stress [279]. Neurons are particularly vulnerable to oxidative stress, which often
leads to lysosomal dysfunction and TFEB activation, as observed in neurodegenerative
diseases [280]. In tissues such as the liver and kidney, oxidative stress induces lysosomal
membrane permeabilization (LMP), leading to the release of lysosomal proteases, including
cathepsins B and D, into the cytosol and trigger cell death pathways [281]. Moreover, the
p53 signaling pathway plays a critical role in regulating lysosomal stability under oxidative
stress in these tissues by mediating LMP in response to oxidative damage (Figure 6) [282].
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Figure 6. Molecular mechanisms of lysosomes in different stress circumstances. Created by www.
BioRender.com, accessed on 14 February 2025.

7.2.2. Nutrient Stress

Nutrient deprivation, such as amino acid or glucose starvation, triggers cellular stress
responses to maintain energy homeostasis by inducing lysosomal adaptation. Under nu-
trient stress, the mTORC1 pathway is inhibited, leading to the activation of transcription
factors TFEB and TFE3, which promote the expression of lysosomal and autophagic genes,
enhancing the cell’s ability to recycle nutrients and sustain energy balance [283–285]. This
process involves the upregulation of lysosomal components such as V-ATPase, a proton
pump critical for maintaining lysosomal acidity, and enzymes like cathepsin D, which
facilitate the breakdown of cellular components (Figure 6) [286]. Additionally, research
indicates that glucose modulation induces lysosome formation and increases endocytosis.
Variations in glucose levels can stimulate the formation of early endosomes and lysosomes,
suggesting that glucose-induced stress directly influences lysosomal biogenesis and func-
tion [287]. Lipid overload, as seen in conditions like obesity, can impair lysosomal function
and autophagy, leading to cellular dysfunction or death [19]. In cancer cells, nutrient depri-
vation acts as a survival mechanism, upregulating lysosomal biogenesis and autophagy; for
example, glucose deprivation in breast cancer cells increases the expression of lysosomal
enzymes like cathepsin D and LAMP2 to support tumor growth [288,289]. Similarly, in
muscle tissue, nutrient stress activates the AMPK pathway, which coordinates lysosomal
and autophagic activity to preserve muscle function during starvation [290]. Thus, nutrient
deprivation impacts diverse cell and tissue types, including cancer cells and muscle tissue,
through the interplay of signaling pathways like mTORC1 and AMPK, as well as the
upregulation of lysosomal proteins and enzymes to ensure cellular survival and function
under stress conditions (Figure 6).

7.2.3. Viral Infections

In immune cells like macrophages, bacterial infections such as mycobacterium tubercu-
losis impair lysosomal acidification by downregulating V-ATPase subunits and inhibiting
the PI3K/Akt/mTOR pathway, which normally promotes lysosomal function, allowing the
pathogen to survive (Figure 6) [291,292]. Salmonella actively manipulates host vesicular
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trafficking to avoid lysosomal targeting. It resides in a vacuole altered from the default lyso-
somal trafficking, thereby evading lysosomal degradation [292]. Additionally, pathogens
often target lysosomal membrane proteins like LAMP1 and LAMP2 to evade degrada-
tion [291]. In contrast, viral infections, such as SARS-CoV-2, induce lysosomal membrane
permeabilization and the release of cathepsins, triggering inflammatory responses and
contributing to tissue damage. In epithelial cells, SARS-CoV-2 infection alters lysosomal
pH, leading to the accumulation of undigested material and cellular dysfunction [293,294].
Thus, pathogens disrupt lysosomal function in various cell types, including macrophages
and epithelial cells, through mechanisms such as impaired acidification, altered signal-
ing pathways, and the release of lysosomal enzymes, ultimately contributing to immune
evasion, inflammation, and tissue damage.

7.2.4. Environmental and Chemical Stress

Exposure to environmental toxins, such as heavy metals and nanoparticles, disrupts
lysosomal function in various cell types. In hepatocytes, cadmium exposure induces LMP
and the release of cathepsins into the cytosol, leading to cell death by activating the NLRP3
inflammasome pathway [295,296]. Similarly, in lung epithelial cells, silica nanoparticles
accumulate in lysosomes, causing lysosomal dysfunction and the release of inflammatory
cytokines [297]. In neuronal cells, exposure to amyloid-beta peptides lead to lysosomal
alkalinization and impaired degradation of toxic aggregates. This process is associated with
the downregulation of lysosomal genes and proteins, including cathepsins and LAMP1,
as well as the activation of the JNK (c-Jun N-terminal kinase) signaling pathway, which
contributes to neuronal cell death (Figure 6) [298,299]. TFEB activation in response to toxin-
induced stress has been observed as a protective mechanism to enhance lysosomal clearance
and mitigate cellular damage [300]. All cells with lysosomal storage disorders exhibit a
heightened sensitivity to apoptosis induced by Brefeldin-A, indicating the presence of
pre-existing ER stress [301]. Additionally, it has been revealed that chemically disrupting
the lysosomal balance in normal cells leads to ER stress, implying an interaction between
the lysosomes and the ER [301]. Overall, the disruption of lysosomal stability and function
by toxic compounds underscores the critical role lysosomes play in maintaining cellular
homeostasis and their vulnerability to environmental and chemical stressors.

7.3. Consequences of Lysosomes Stress

Lysosomal dysfunction or stress can lead to the accumulation of undigested substrates
including lipids and proteins, disruption of cellular processes, and ultimately contribute to
the development of various diseases [270,302]. Lysosomal storage disorders are a group
of approximately 50 rare inherited metabolic diseases caused by deficiencies in lysosomal
enzymes, membrane transporters, or other proteins essential for lysosomal function. This
results in the accumulation of specific substrates within lysosomes, leading to cellular
toxicity and tissue damage [303,304]. Lysosomal dysfunction is increasingly recognized
as a contributing factor in several neurodegenerative diseases. In Alzheimer’s disease,
lysosomal dysfunction contributes to the accumulation of amyloid-beta plaques and tau
tangles, which are characteristic of Alzheimer’s pathology. Also, impaired autophagy and
lysosomal degradation exacerbate neuronal damage [270,305]. Furthermore, lysosomal
dysfunction impairs the clearance of alpha-synuclein aggregates, leading to neuronal cell
death [306], and finally, lysosomal and autophagic dysfunction contribute to the accumula-
tion of mutant huntingtin protein, which is toxic to neurons [307,308]. On the other side,
dysfunctional lysosomes can contribute to inflammatory and autoimmune diseases. For
instance, in systemic lupus erythematosus, impaired lysosomal degradation of cellular de-
bris may lead to the accumulation of autoantigens, triggering autoimmune responses [309].
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Also, lysosomal dysfunction can contribute to cancer progression by promoting cell sur-
vival, resistance to cell death, and metastasis. Cancer cells often upregulate lysosomal
activity to support their high metabolic demands and survival under stress conditions [310].
Not only that, but resistance to chemotherapy in lysosomes can sequester and neutralize
chemotherapeutic drugs, reducing their efficacy [311,312].

8. Membrane-Less Organelles
Membrane-less organelles (MLOs), such as stress granules (SGs), processing bodies

(PBs), and Cajal bodies (CBs), have gained significant attention in recent years due to
their dynamic roles in cellular responses to various stressors (Figure 7) [313,314]. These or-
ganelles are formed through liquid–liquid phase separation and lack membrane boundaries,
allowing them to rapidly assemble and disassemble in response to cellular needs [313,314].
In addition to SGs, PBs, and CBs, various other types of MLOs have been identified. These
include P-granules in germ cells and nucleoli within the nucleus, which also rely on liquid–
liquid phase separation for their formation [314]. Each of these organelles plays specific
roles in cellular processes, such as gene expression regulation, protein synthesis, and the
response to environmental stimuli [314]. In summary, the mechanisms of formation of
MLOs during cellular stress highlight a complex interplay between RNA and proteins,
underpinned by dynamic structural changes and environmental factors that dictate their
assembly and disassembly [313,314].

Figure 7. Membrane-less organelles and their protein markers. Created by www.BioRender.com,
accessed on 5 February 2025.

8.1. Stress Granules

SGs are prominent examples of MLOs that assemble in response to cellular stress
in the cytoplasm. SGs are assembled by accumulating several proteins like PolyA bind-
ing protein (PABP), Eucaryote initiation translation factor (eIF), and GTPase-activating
protein-binding protein (G3BP) (Figure 7) [315]. They serve as sites for the storage of
translationally silent mRNA, where mRNA can be either redirected to PBs for degrada-
tion or returned to polysomes for translation [316]. The dynamics of SGs are influenced
by ATP-dependent remodeling, enabling them to respond rapidly to changes in cellular
conditions [317,318]. The assembly of SGs is primarily driven by weak electrostatic, hy-
drophobic, and protein–protein interactions among RNA-binding proteins (RBPs) that
contain intrinsically disordered regions. RNA molecules also contribute significantly to
the formation of SGs, indicating that RNA–RNA interactions play an essential role in their
dynamics [317,318]. MLOs, such as SGs, play a crucial role in cellular responses to environ-

www.BioRender.com


Stresses 2025, 5, 26 25 of 42

mental stressors. When cells encounter stressful conditions, they must adapt their protein
synthesis and resource allocation to ensure survival. SGs act as an emergency response
mechanism, allowing cells to pause non-essential protein production and conserve critical
resources, such as mRNAs and ribosomal subunits until the stress has subsided [319,320],
then they can either send the non-translating mRNAs to re-translation by chaperon proteins
or send non-translating mRNAs to PBs for decapping and degradation [321].

The formation of SGs is triggered by various environmental stressors, including heat
shock, oxidative stress, and ER stress. These stressors activate specific cellular signaling
pathways, leading to the assembly of proteins and RNA into SGs in the cytoplasm. The
mRNA molecules found in SGs are typically stalled translation pre-initiation complexes,
associated with essential translation initiation factors and RNA-binding proteins [319].
Once the stressful condition begins to resolve, cells initiate the dismantling of SGs to restore
normal protein production. Specialized cellular machinery facilitates the extraction of
mRNAs and the disassembly of SGs, allowing various protein synthesis projects to resume.
This process is reminiscent of a city rebuilding after a disaster, highlighting the resilience of
cellular mechanisms in the face of adversity [320].

In SGs, the RNA-binding proteins G3BP1/2, TIA1, and TTP are central to SGs assembly.
Recent studies have shown that the heat shock and toxins cause phosphorylation of G3BP1
by protein kinase R (PKR) enhancing its interaction with RNA and promoting SG formation
(Figure 7) [322]. In addition, other studies emphasized the SGs assembly during the heat
shock stress [323]. The expression of HSPs is primarily controlled by HSFs, a group of
transcription factors that bind to the heat-shock promoter element (HSE). In vertebrates,
the HSF family includes four members (HSF1-HSF4) (Figure 8) [323]. Among these, HSF1
is activated in response to elevated temperatures. During cellular stress, HSF1 localizes
to SGs, with its phosphorylation and high transcriptional activity being linked to SGs
presence. Once the stress subsides, HSF1 detaches from SGs and disperses throughout the
cell [323]. Nutrient deprivation triggers the activation of the integrated stress response
(ISR). A lack of essential nutrients, such as amino acids or glucose, has been shown to
trigger SGs assembly [324,325]. SGs also act as platforms for mTORC1 signaling during
nutrient stress because of nutrient deprivation (Figure 8) [326]. Chemical substances such
as sodium arsenite or thapsigargin disrupt cellular homeostasis, leading to SGs formation.
These chemicals induce stress pathways that converge on translational control mechanisms,
promoting SGs assembly [327].

8.2. Processing Bodies

PBs, or P-bodies, are another type of MLOs involved in mRNA metabolism, which
is also known as a kind of cytoplasmic foci. PBs are assembled by accumulating several
proteins like decapping proteins (DCP), enhancer of decapping (EDC), heptameric complex
LSM1-7, and 5′ to 3′ exonucleolytic enzyme (XRN) (Figure 7) [328]. They serve as sites for
the decapping and degradation of mRNA, facilitating the turnover of messenger RNA that
is no longer needed by the cell [314,318]. PBs share similar biophysical properties with SGs,
forming through liquid–liquid phase separation and containing RBPs and RNA [317,318].
While SGs are distinct from PBs, both structures interact with mRNA and share some
protein components. PBs have traditionally been viewed as sites of mRNA decapping
and degradation [328], whereas SGs are involved in mRNA storage and translational
repression [319]. It has been proposed that mRNAs destined for degradation may be
transferred from SGs to PBs, suggesting a coordinated relationship between these organelles
during stress recovery [319,329]. The interplay between SGs and PBs highlights the cellular
strategy for managing mRNA during times of stress or cell development, which is crucial
for maintaining cellular homeostasis [318].
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Figure 8. Effects of various stressors on membrane-less organelles. Created by www.BioRender.com,
accessed on 7 February 2025.

Stress conditions, such as hypoxia or viral infection, increase the abundance of PBs
components such as DDX and DCP1/2, leading to enhancing PBs assembly [330]. Hypoxia-
inducible factor 1α (HIF-1α) and mRNA decay pathways are key regulators of PBs function
under stress (Figure 8) [315]. Stress-induced microRNAs, such as miR-122 and miR-16,
have been implicated in PBs-associated mRNA degradation [331]. Studies showed that
chemical substances such as cycloheximide, which traps mRNA in polysomes, cause loss
of PBs [328]. Some viruses, predominantly RNA viruses, affect PBs number and stability
and can recruit PBs components to viral replication centers [332–334].

8.3. Cajal Bodies

CBs are dynamic, spherical type of MLOs found in the nucleus, primarily involved in
RNA metabolism and ribonucleoprotein (RNP) biogenesis [335]. They serve as assembly
and maturation hubs for small nuclear RNPs (snRNPs) required for pre-mRNA splicing,
as well as small nucleolar RNPs (involved in ribosomal RNA modification [336,337]. Ad-
ditionally, CBs play a role in telomerase assembly, histone mRNA processing, and RNA
modification [338]. Their structure is organized by coilin, a scaffold protein essential for
CBs integrity, and they form through liquid–liquid phase separation (Figure 7) [339]. The
size and number of CBs fluctuate depending on cell type, transcriptional activity, and the
cell cycle [340].
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In CBs, coilin, the scaffold protein of CBs, undergoes post-translational modifications
(e.g., phosphorylation, methylation) in response to DNA damage or oxidative stress [341].
SMN (survival motor neuron) protein, another key component, is redistributed under stress
conditions [342]. DNA damage response (DDR) pathways, such as ATM and ATR signal-
ing, influence CBs dynamics [343]. Stress-induced changes in CBs have been observed
in neuronal cells, fibroblasts, and cancer cells, particularly in the context of pathological
aggregates in SGs and nucleoli [344]. SUMO-1 transiently localizes into neuronal CBs in re-
sponse to osmotic stress or methyltransferase inhibition (Figure 8). These SUMO-1-positive
CBs contain coilin, SMN, and snRNPs, indicating their functional role in pre-mRNA pro-
cessing. The presence of SUMO-1 modification motifs in coilin and SMN suggests that
SUMOylation may play a key role in reorganizing CBs during stress responses [345]. SMN
and p53 colocalize in CBs upon proteasome inhibition and DNA damage, suggesting a
potential link between CBs and stress sensing [346,347]. Additionally, CBs undergo struc-
tural changes during adenovirus infection or protein synthesis inhibition, redistributing
into microfoci [348,349]. The presence of stress-related proteins like peroxiredoxin V in
CBs, which regulates redox balance and counteracts ROS, further supports their role in
stress responses. These findings suggest that CBs may act as stress-responsive domains,
potentially influencing pathways involving p53 and redox regulation (Figure 8) [350,351].

8.4. Consequences of MLOs Stress

Evidence suggests that SGs can contribute to drug resistance in cancer cells, as the
formation of SGs has been linked to the cellular response to chemotherapy [352,353]. For
instance, cancer treatments such as bortezomib can induce SGs assembly, which may help
protect cancer cells from apoptosis, complicating therapeutic outcomes [317,318]. Addition-
ally, specific compounds that modulate SGs dynamics have shown the potential to enhance
cancer treatment efficacy. Small molecules that target SGs components, such as G3BP, have
been shown to influence T-cell proliferation in cancer models, indicating that manipulating
SGs formation could be a viable strategy for cancer therapies [354]. Also, recent research
has implicated SGs in the pathology of neurodegenerative diseases, particularly ALS and
frontotemporal dementia (FTD) [355,356]. There is mounting evidence suggesting that
SGs may act as precursors to pathological aggregates found in these conditions. The accu-
mulation of RNA-binding proteins (RBPs) such as TDP-43 and FUS within SGs has been
observed in various neurodegenerative disorders, indicating that dysregulation of SGs
dynamics might contribute to the formation of toxic aggregates [319]. Mutations in genes
encoding these proteins, such as TIA-1, hnRNPA1, and FUS/TLS, have been documented
in ALS/FTD patients, further supporting the link between SGs dysfunction and disease
pathology [317]. The formation of pathological SGs may disrupt normal cellular functions
by sequestering essential RBPs, leading to impaired RNA metabolism and other critical
cellular processes [318,357]. Furthermore, chronic cellular stress and aging can alter the
composition of SGs, favoring the aggregation of proteins into rigid complexes that develop
into insoluble inclusions. This transition from dynamic SGs to irreversible aggregates
is a key factor in the progression of neurodegeneration, emphasizing the importance of
understanding SGs dynamics in the context of ALS and FTD [357].

Recent studies have highlighted the role of PBs in tumor development and their
potential clinical applications. Specifically, PBs mediators are being explored for their
contributions to cancer progression. Additionally, PBs show promise as innovative drug-
delivery systems, particularly as carriers similar to exosomes, which could be leveraged
for targeted anti-cancer therapies in the future [358,359]. Mutations in DDX6, a protein
essential for PBs assembly, disrupt PBs formation and are associated with intellectual devel-
opmental disorder with impaired language and dysmorphic facies (IDDILF). Additionally,
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autoantibodies targeting PBs components have been identified in autoimmune diseases,
potentially contributing to the autoimmune phenotype. These findings underscore the role
of PBs in developmental disorders and autoimmune conditions [360,361].

9. Conclusions
Cellular stressors, which may be environmental, chemical, biological, or physical

in nature, are an inevitable challenge that affect various organelles, including cell mem-
branes, mitochondria, ER, Golgi apparatus, lysosomes, and MLOs. This disruption of
homeostasis can lead to functional impairments. In response to these stressors, each or-
ganelle employs specific adaptive mechanisms, such as activating signaling pathways,
upregulating protective proteins, and initiating degradation or repair processes. The cell
membrane is critical to how cells respond to internal and external stressors. Stress can alter
the activity and localization of integral proteins in the membrane via post-translational
modifications. Mitochondrial function is often affected, leading to decreased ATP pro-
duction and increased ROS production, which contributes to oxidative stress and disease.
Mitochondria play a central role due to their involvement in redox balance, inflammation,
metabolism, and stress sensing via mitohormesis. This adaptability, often enhanced by
stressors like exercise, underscores metabolic flexibility as a key determinant of cellular
resilience. Viewed through an adaptive thermodynamic lens, these responses reflect energy
reallocations to prioritize maintenance and repair, offering therapeutic potential—such as
targeting mitochondrial function—to mitigate stress-related pathologies. The ER plays vital
roles in protein/lipid synthesis, detoxification, and calcium storage. ER stress occurs when
misfolded/unprocessed proteins build up, disrupting ER function. This condition stems
from various issues that hinder the ER’s ability to fold and quality-test proteins. The Golgi
apparatus is vital for cellular stress responses, especially regarding its structural integrity
and functional capacity. Stress triggers changes in the Golgi, activating specific signaling
pathways to alleviate the stress. Furthermore, lysosomes play a crucial role in managing
cellular stress through various mechanisms, including the degradation and recycling of
components. Autophagy is a physiological process in which lysosomes remove damaged
organelles and misfolded proteins. Finally, the mechanisms of formation of MLOs during
cellular stress highlight a complex interplay between RNA and proteins, underpinned by
dynamic structural changes and environmental factors that dictate their assembly and disas-
sembly. However, it is important to note that prolonged or excessive stress can overwhelm
these defense systems in different cellular organs, contributing to cellular dysfunction
and the onset of various diseases, including neurodegenerative disorders, cancer, and
metabolic syndromes.
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