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PREFACE 

Psychological stress has emerged as a pivotal determinant of gastrointestinal (GI) health, exerting 

profound influences on mucosal integrity, immune regulation, and epithelial homeostasis. Stress, in 

both its psychological and physiological forms, is a complex response to perceived or actual threats, 

mediated through intricate neuroendocrine pathways such as the hypothalamic-pituitary-adrenal (HPA) 

axis and the sympathetic nervous system. These systems orchestrate the release of glucocorticoids and 

catecholamines, chiefly cortisol and adrenaline. These hormones are evolutionarily conserved to 

facilitate immediate physiological adaptation through the “fight-or-flight” response. One of the 

principal pathways through which these stress mediators influence visceral function is the gut–brain 

axis (GBA), a bidirectional communication network that coordinates neural, endocrine, immune, and 

microbial signals between the central nervous system and the gastrointestinal tract. Despite the rising 

prevalence of stress-related gastric pathologies in both clinical and subclinical populations, the precise 

molecular mechanisms remain incompletely understood. This underscores an urgent need to investigate 

subcellular targets involved in stress-induced gastric damage and to identify novel therapeutic strategies 

aimed at restoring mitochondrial and epithelial resilience. Mitochondria, the central regulators of 

cellular bioenergetics and oxidative balance, are now recognized as pivotal nodes in the stress response 

pathway. Emerging evidence indicates that mitochondrial injury, driven by sustained oxidative stress 

and metabolic collapse, underpins the pathogenesis of stress-induced gastric mucosal damage.  

In this context, the present thesis aims to dissect the mitochondrial involvement in acute stress-induced 

gastric injury, with a focus on identifying precise molecular targets and signaling nodes that mediate 

bioenergetic failure and oxidative collapse. The thesis is systematically divided into a literature review 

and an experimental investigation. The initial chapters critically review the current understanding of 

how stress influences gastrointestinal health, emphasizing the intricate neuroendocrine, immunological, 

and microbial interactions that underlie stress-induced gastric pathology. Particular attention is given 

to the gut–brain axis and its role in mediating stress responses through hormonal signaling, intestinal 

permeability modulation, and microbiota dynamics. Based on this foundation, the subsequent chapter 

explores the pivotal role of mitochondria in maintaining gastrointestinal homeostasis, highlighting how 

these organelles function as bioenergetic hubs and regulators of redox signaling, apoptosis, and cellular 

resilience. This section explores emerging evidence that positions mitochondrial dysfunction as a 

central pathogenic driver of gastrointestinal disorders, emphasizing its role in disrupting cellular energy 

metabolism, redox homeostasis, and epithelial integrity. By integrating insights from these two 

domains, the literature review constructs a cohesive framework for understanding how psychological 

stress precipitates molecular and cellular disturbances within the gastric mucosa. This foundation sets 

the stage for the experimental investigation of key mitochondrial regulatory pathways and bioenergetic 

processes involved in stress-induced gastropathy.  

The experimental chapter presents a multi-tiered approach combining transcriptomics, metabolomics, 

and functional assays to establish a comprehensive mechanistic model of stress-induced mitochondrial 

dysfunction in gastric tissues. Acute restraint stress in rodents served as the primary model, enabling 

assessment of transcript-level changes in mitochondrial biogenesis, oxidative phosphorylation, and 

redox regulatory pathways. In particular, the mitochondrial biogenesis regulatory axis, PGC1α, NRF1, 

and TFAM, appears to be critically suppressed under acute psychological stress, leading to disrupted 

energy production and redox homeostasis. Additionally, stress-induced activation of the glucocorticoid 

receptor (GR) axis further exacerbates mitochondrial dysfunction through the KLF15–FBXO32 

proteasomal degradation pathway, reinforcing the multifaceted and inter-organellar nature of the injury 

cascade. Functional validation included assays for mitochondrial membrane potential, ATP levels, 
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reactive oxygen species accumulation, and apoptotic markers. The role of GR-mediated transcriptional 

control was explored through pharmacological interventions using RU486, a GR antagonist, alongside 

agents such as quercetin-3-glucoside and olanzapine that target oxidative stress and central stress 

perception, respectively. Notably, this thesis introduces and validates a mitochondria-centric 

therapeutic perspective for stress-induced gastropathy. The restorative effects of quercetin-3-glucoside 

on mitochondrial integrity and redox status, coupled with the protective efficacy of RU486 in preserving 

epithelial structure through GR inhibition, underscore the therapeutic value of targeting both local and 

systemic mediators of stress pathology. This approach not only expands our understanding of stress 

biology in the gastric system but also sets the stage for the development of next-generation 

gastroprotective agents that integrate mitochondrial preservation with neuroendocrine modulation. 
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 1. INTRODUCTION 

Stress is a complex physiological and psychological response triggered by perceived threats or 

challenges, influencing cognition, behaviour, and overall health. Psychological stress stems from 

emotional reactions such as anxiety and irritability, often exacerbated by major life events and persistent 

rumination, increasing the risk of mental disorders like anxiety and depression (1,2). Physiological 

stress, on the other hand, activates the body's biological defence mechanisms, such as the activation of 

the hypothalamic-pituitary-adrenal (HPA) axis and the sympathetic nervous system, resulting in the 

secretion of stress hormones like cortisol and adrenaline (3). These responses prepare the body for the 

"fight-or-flight" reaction, but when prolonged, can have detrimental effects on multiple organ systems. 

The gastrointestinal (GI) system is intricately connected to the brain via the gut–brain axis (GBA), a 

bidirectional communication network that integrates neural, endocrine, immune, and metabolic 

pathways. This axis facilitates coordinated interaction between the central nervous system (CNS) and 

the gut microbiota, allowing each to influence the other. The GBA plays an essential role in preserving 

physiological balance and regulating both gastrointestinal and mental health, as shown in Figure 1(4). 

Stress can disrupt gut health by increasing intestinal permeability, altering gut motility, and inducing 

microbial dysbiosis (5). Severe stress-related GI complications are evident in critically ill patients, 

including those undergoing mechanical ventilation, experiencing septic shock, or suffering from 

extensive burns exceeding 35% of body surface area, leading to gastric mucosal bleeding (6). Moreover, 

stress-related GI pathologies have been reported in COVID-19 patients, with studies indicating that 

nearly half of hospitalized individuals undergoing endoscopy exhibited acute mucosal damage, and over 

one-third of lower GI endoscopies revealed signs of ischemic colitis (7). Globally, stress-related mental 

health disorders have reached alarming levels. As reported by the World Health Organization, an 

estimated 970 million people suffered from mental illnesses in 2019, with anxiety and depression being  
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the conditions that occur most frequently. The COVID-19 pandemic further intensified mental health 

challenges, with major depressive disorder cases increasing by 27.6% and anxiety disorders rising by 

25% worldwide in 2020 (8-10). Understanding the influence of stress on gut health is crucial because 

the gut and brain are closely linked via the gut–brain axis, influencing both mental and physical well-

being. By recognizing this connection, strategies like stress management, dietary changes, and gut-

focused therapies can be implemented to enhance overall health, prevent stress-related disorders, and 

improve resilience against physical and emotional challenges. 

 

2.  THE NATURE AND CLASSIFICATION OF STRESS 

Stress is a natural, multifaceted response to demands or threats that challenge an organism's equilibrium, 

referred to as "homeostasis." It is a well-documented phenomenon, recognized as far back as ancient 

Greece and formalized in modern biological research by figures like Claude Bernard, Walter Bradford 

Cannon, and Hans Selye. Claude Bernard (1865/1961) emphasized that sustaining life depends on 

maintaining a stable internal environment, even in the face of external fluctuations. In 1929, Cannon 

used the term “homeostasis” to describe this phenomenon(11). Later, in 1956, Selye introduced the 

concept of “stress” to define the impact of factors that significantly disrupt homeostasis(12). The term 

“stressor” refers to the actual or perceived threat to an organism, while the organism's reaction to the 

stressor is known as the “stress response.” Stress can manifest as either physical stress (direct 

disruptions to physiological states, like injury or infection) or psychological stress (perceived threats, 

such as environmental pressures or social conflicts). Physical stressors refer to external factors that 

disrupt the body’s balance, while psychological stressors are defined as the “anticipation justified or 

not, that a challenge to homeostasis looms.” (13). While stress responses originally evolved as adaptive 

mechanisms, Selye noted that when these responses are intense or persist for a long time, they can result 

in tissue damage and illness(14).  

2.1. Physical stressors and their impact  

Physical stressors, which encompass external conditions or internal disruptions, directly challenge the 

body's physiological equilibrium and elicit responses aimed at maintaining homeostasis. Physiological 

stress, defined as an uncomfortable sensory, emotional, and subjective experience associated with 

potential bodily harm or tissue damage, can result from injuries, infections, or extreme environmental 

conditions such as temperature fluctuations(15,16). Injuries, including cuts and fractures, trigger 

inflammatory responses characterized by the release of proinflammatory cytokines such as interleukin-

1 (IL-1), tumour necrosis factor-alpha (TNF-α), and interleukin-6 (IL-6), which recruit immune cells to 

the affected area to facilitate tissue repair (17,18). Additionally, pain signals activate the hypothalamic-

pituitary-adrenal (HPA) axis, resulting in cortisol secretion to modulate inflammation and prevent 

excessive tissue damage; however, chronic injuries may lead to prolonged inflammation and fibrosis 

(19). Similarly, infections caused by bacteria, viruses, or fungi serve as significant physical stressors, 

prompting the innate immune system to recognize pathogen-associated molecular patterns (PAMPs) via 

pattern recognition receptors (PRRs), such as Toll-like receptors (TLRs), to initiate immune responses 

Fig. 1. Mechanisms mediating the bidirectional communication between the gut and the brain within 

the gut–brain axis (GBA). The mechanisms include neural, immune, and endocrine pathways. Involved 

mediators include neurotransmitters such as dopamine, serotonin, norepinephrine, and GABA; cytokines like 

interleukin (IL)-1β, IL-6, IL-10, and tumour necrosis factor-α (TNF-α); and various nutrients and metabolites 

including short-chain fatty acids (SCFAs), amine compounds, vitamins, and neurochemical precursors. This 

figure is adapted from Zheng et. al. (4) 
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(20). Extreme temperatures also impose substantial stress on thermoregulatory mechanisms, with heat 

exposure promoting sweat gland activation and peripheral blood flow to dissipate heat, whereas cold 

exposure triggers vasoconstriction and shivering to conserve warmth(21,22). Both scenarios involve 

activation of the sympathetic nervous system (SNS) and HPA axis, leading to increased catecholamine 

and cortisol levels, yet chronic exposure may impair regulatory systems and increase susceptibility to 

stress-related disorders(23).  

Physical stressors activate brainstem and hypothalamic regions, initiating a rapid and reflexive response 

via the sympathetic-adrenomedullary (SAM) system, enhancing alertness, vigilance, and situational 

appraisal. This immediate phase is complemented by a slower, sustained hormonal response from the 

hypothalamic-pituitary-adrenal (HPA) axis, which secretes cortisol to regulate energy availability and 

maintain homeostasis (23). Stress perception activates preganglionic autonomic neurons and 

hypophysiotrophic neurons in the paraventricular nucleus (PVN), triggering the HPA axis and 

autonomic nervous system (ANS), which includes sympathetic and parasympathetic components 

(11,24). The nucleus of the solitary tract (NTS), a key autonomic structure, relays sensory and visceral 

information and regulates cardiovascular and respiratory functions(25). The NTS modulates the HPA 

axis through noradrenergic and adrenergic pathways, with additional contributions from other 

catecholaminergic systems. Circumventricular organs, such as the subfornical organ, also regulate stress 

responses via angiotensin II and PVN activation, influencing blood pressure and drinking 

behaviours(26). Physiological responses to stress include the secretion of cortisol, adrenaline, and other 

neurotransmitters, affecting heart rate, blood pressure, and immune function(23). Cortisol, the "stress 

hormone," prepares the body for "fight or flight" by releasing glucose, raising heart rate, and 

suppressing immunity. Prolonged stress leads to hypercortisolism, associated with anxiety, depression, 

Cushing’s syndrome, and menstrual irregularities in women(27). Conversely, hypocortisolism can 

result in Addison’s disease or adrenal insufficiency. Cortisol dysregulation also underpins conditions 

like post-traumatic stress disorder (PTSD)(28). Together, these mechanisms underscore the intricate 

role of stress in health and disease. 

2.2. Psychological stressors and their impact 

 Psychological stressors are stimuli perceived as threats, leading to emotional and psychological 

distress, categorized into social pressures, anticipatory threats, and perceived dangers such as predator-

related cues. These stressors target cognitive and affective processes, with common models including 

restraint, electrical shock, loud noise, and open field exposure. Perceived threats, whether real or 

imagined, significantly influence stress responses, with cognitive appraisal playing a crucial 

role(29,30). Social pressures from relationships, cultural expectations, and societal norms can intensify 

stress responses, with social support serving as a buffer. Chronic social stressors may contribute to 

anxiety and depression(31). Failure to meet personal or societal goals can cause stress, with individuals 

attributing failure to inherent abilities experiencing greater distress(32). Anticipatory threats, such as 

concerns about job security or health, activate the hypothalamic-pituitary-adrenal (HPA) axis, 

increasing cortisol levels and perpetuating anxiety cycles. Evolutionarily, predator-related cues elicit 

strong stress responses, engaging survival-related brain regions such as the amygdala(33). 

Psychological stressors during childhood and adolescence, including exposure to violence, abuse, and 

familial conflicts, have lasting effects on mental health, leading to emotional dysregulation and 

attachment disturbances(34). Children of divorced parents report increased antisocial behaviour and 

emotional distress. Exposure to war and terrorism during childhood results in high PTSD and depressive 

symptom prevalence, with long-term effects persisting into adulthood(35). Chronic exposure to 

stressors during developmental years increases the risk of mood disorders, immune dysfunction, and 

early mortality(36). Lifetime exposure to trauma is high, with PTSD affecting approximately 25% of 
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exposed individuals(37). Trauma-related disorders such as acute stress disorder (ASD) and PTSD can 

lead to concurrent depression, cognitive impairment, and substance abuse. Stress-related behaviours 

such as smoking, alcohol use, and sleep disturbances further exacerbate health risks(38,39) 

Intense psychological and socially evaluative stressors activate both physical and cognitive stress 

responses, primarily mediated by key brain regions such as the prefrontal cortex (PFC), amygdala, 

ventral tegmental area (VTA), paraventricular nucleus (PVN), hippocampus (HIPPO), and nucleus 

accumbens (NAc). The PFC facilitates behavioural plasticity in response to stress, with the prelimbic 

(PL) cortex increasing adrenocorticotropic hormone (ACTH) and corticosterone levels, whereas the 

infralimbic (IL) cortex reduces corticosterone secretion, demonstrating the complex interplay of PFC 

subdivisions. Lesions in the dorsal PFC produce anxiogenic effects, while ventral PFC lesions exert 

anxiolytic effects(40,41). Different brain areas associated with stress resilience are shown with a simple 

illustration in Figure 2 (41). 

 

 

The PFC extensively projects to the amygdala, a key emotional processing center that modulates 

corticosteroid release, with the basolateral amygdala (BLA) playing a crucial role in anticipatory 

stressor processing and dendritic changes related to emotional learning (42). The central nucleus of the 

amygdala (CeA) is critical for long-term fear memory retrieval, whereas short-term memory retrieval 

relies on PFC-BLA interactions. The CeA connects to the periaqueductal gray (PAG), modulating 

responses to unconditioned and conditioned threats(43). The hippocampus, with projections to both the 

PFC and BLA, regulates stress responses through inhibitory control over the HPA axis and top-down 

modulation of stress, while excessive amygdala activity can shift control to bottom-up processes(40). 

The hippocampus and amygdala process experiences by interfacing with the hypothalamus and 

brainstem and interpreting environmental contexts to determine threat levels, influencing allostatic 

responses. The amygdala encodes fearful and emotionally charged events, whereas the hippocampus 

contextualizes these events within episodic and declarative memory. Lesions in the amygdala impair 

conditioned fear responses, whereas hippocampal lesions affect contextual conditioning(44). 

Fig. 2. Brain areas associated with stress resilience. This illustration highlights key brain regions 

commonly implicated in mediating resilience to stress. This figure is adapted from Schloesser et al. (41). 

 

 

 

 

 

 

 

 

Ask ChatGPT. Adapted from Schloesser et al. (2008). 
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Anatomical and functional links between the amygdala and hippocampus facilitate memory-related 

plasticity, such as long-term potentiation (LTP) in the dentate gyrus. The hippocampus generally inhibits 

HPA activity, while the amygdala enhances it; however, specific hippocampal regions can activate HPA 

responses under certain conditions(45). The medial prefrontal cortex (mPFC) further constrains HPA 

activity under stress-related conditions. 

2.3. Stress response systems 

When a stressor is perceived, two key stress-response systems are activated: the hypothalamic-pituitary-

adrenal (HPA) axis and the sympathetic-adrenal-medullary (SAM) axis. The SAM axis triggers the 

rapid "fight-or-flight" response within seconds, initiated by the locus coeruleus in the brainstem, which 

activates sympathetic ganglia. Sympathetic nerve fibers targeting the adrenal medulla stimulate the 

release of adrenaline and, to a lesser extent, noradrenaline. These catecholamines modulate the 

cardiovascular, respiratory, skeletal muscle, hepatic, and immune systems, priming the body for 

immediate action to enhance survival(46). At the same time, the HPA axis initiates a slower response, 

beginning with the release of corticotropin-releasing hormone (CRH) and vasopressin from the 

paraventricular nucleus (PVN) of the hypothalamus. CRH prompts the anterior pituitary to secrete 

adrenocorticotropic hormone (ACTH) into the bloodstream, which then stimulates the adrenal cortex 

to produce glucocorticoid, primarily cortisol in humans and corticosterone in rodents(47). The SAM 

and HPA axes form a mutually reinforcing feedback loop, where the activation of one system promotes 

the activation of the other. Together, these systems influence multiple organs, including the 

gastrointestinal (GI) tract. 

The Sympathetic-Adrenal-Medullary (SAM) axis rapidly responds to physical or psychological stress 

through the activation of the sympathetic nervous system and adrenal medulla, which release 

catecholamines, primarily epinephrine (Epi) and norepinephrine (NE), to facilitate immediate 

physiological adaptations. These neurotransmitters are released via efferent pathways from brainstem 

catecholaminergic neurons to preganglionic sympathetic neurons and adrenal chromaffin cells(48). Epi 

and NE, acting through adrenergic G-protein-coupled receptors, prepare the body for "fight-or-flight" 

responses by increasing heart rate, mobilizing glucose, and modulating vascular tone. NE plays a key 

role in activating the amygdala, enhancing memory consolidation of stress-related events in the 

hippocampus(49). Stress also triggers dopamine (DA) release, particularly in the ventral tegmental area, 

modulating behavioural responses based on stress duration and controllability. While circulating DA 

levels show minimal changes during stress, they contribute to blood pressure regulation and glucose 

homeostasis. The SAM axis interacts with the hypothalamic-pituitary-adrenal (HPA) axis for short- and 

long-term stress responses, balancing autonomic nervous system activity. Chronic stress, however, can 

dysregulate these systems, leading to potential pathologies, as the locus coeruleus and associated 

structures mediate cognitive and endocrine stress responses(23). 

The Hypothalamus-Pituitary-Adrenal (HPA) axis serves as the body’s central stress response system, 

engaging multiple brain regions to regulate adaptive and maladaptive responses to stressors (Fig. 3).  

Glucocorticoids regulate peripheral and central systems via negative feedback mechanisms involving 

glucocorticoid (GR) and mineralocorticoid receptors (MR), particularly in stress-related brain regions 

such as the hippocampus, amygdala, PVN, and nucleus of the solitary tract(50,51). CRH neurons in the 

PVN’s dorsomedial parvocellular division, along with co-released peptides like vasopressin (AVP), act 

on the anterior pituitary through G-protein coupled CRHR1 receptors, enhancing ACTH secretion, 

which is further modulated by stressor-specific pathways and transcriptional regulation of 

proopiomelanocortin (POMC)(52).  
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Fig. 3. Schematic Representation of HPA Axis Activation in Response to Stress. The organization of the 

hypothalamo-pituitary-adrenocortical (HPA) axis involves a highly regulated neuroendocrine cascade. The 

stress response is initiated by corticotropin-releasing hormone (CRH)-producing neurons located in the 

paraventricular nucleus (PVN) of the hypothalamus. In response to stressors, CRH is secreted into the 

hypophysial portal circulation, which delivers the hormone directly to the anterior pituitary, allowing it to act 

on corticotroph cells. Activation of these corticotrophs results in the release of adrenocorticotropic hormone 

(ACTH) into the bloodstream. ACTH then stimulates the adrenal cortex to produce and secrete 

glucocorticoids, cortisol in species such as humans, and corticosterone in rodents like rats and mice. Once 

released into the systemic circulation, glucocorticoids can bind to their specific receptors throughout the body, 

including within various regions of the brain. This figure is adapted from Myers et al. (51).  
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Anticipatory stress responses often involve GABAergic disinhibition from limbic circuits such as the 

amygdala, while reactive responses stem from direct noradrenergic inputs, reflecting the intricate neural 

control of CRH release. The HPA axis integrates environmental, genetic, and experiential factors, with 

glucocorticoids influencing immune, metabolic, and cognitive processes via genomic and non-genomic 

pathways, mediated in part by epigenetic modifications like DNA methylation and histone 

acetylation(53). Chronic stress alters HPA axis dynamics, causing hypersecretion, sensitization, or 

adrenal exhaustion, often involving limbic-hypothalamic-brainstem circuits, with individual variability 

shaped by age, sex, and early-life experiences. Importantly, glucocorticoids also regulate mitochondrial 

function, with stress-induced GR translocation affecting bioenergetic balance and promoting oxidative 

stress, apoptosis, and reductions in ATP synthesis via suppression of mitochondrial genes such as 

NADH dehydrogenases ND-1, ND-3, and ND-6(54). Pharmacological strategies targeting GR 

signalling, like RU486, alongside lifestyle modifications, offer promising avenues for mitigating stress-

induced pathologies. However, challenges in achieving precise receptor blockade persist(54). The 

interplay between HPA axis activity, mitochondrial resilience, and systemic responses underscores the 

need for integrative therapeutic approaches to optimize stress adaptation and prevent maladaptive 

outcomes. 

2.4. Acute stress responses overview 

 Acute stress, triggered by short-term events like meeting deadlines or avoiding accidents, elicits rapid 

physiological responses driven by the sympathetic nervous system (SNS) and hypothalamic-pituitary-

adrenal (HPA) axis. This response, first described by Selye, involves the release of stress hormones 

such as adrenaline, noradrenaline, and cortisol, which act within seconds to modulate the brain’s limbic-

cortical circuits and enhance energy availability(12). These hormones promote lipolysis and glycogen 

breakdown to ensure an immediate energy supply. Blood pressure increases through myocardial 

mechanisms, which boost cardiac output, and vascular mechanisms, which constrict blood vessels(55). 

Acute stress also activates the immune system, causing innate immune cells, such as macrophages and 

natural killer cells, to migrate from lymphatic tissues into the bloodstream, resulting in leukocytosis. 

These immune cells concentrate in high-risk tissues, like the skin, to defend against potential pathogens 

during injury, thereby supporting healing(56). Although generally adaptive, this intricate stress response 

is designed to optimize survival during short-term challenges. 

2.5. Chronic stress responses overview 

Chronic stress, characterized by prolonged exposure to stressors, has far-reaching consequences on 

health, affecting multiple physiological systems. Persistent activation of the hypothalamic-pituitary-

adrenal (HPA) axis and the sympathetic nervous system (SNS) leads to sustained elevation of stress 

hormones, such as cortisol, which disrupt homeostasis (Selye, 1956). Prolonged activation of the 

sympathetic nervous system persistently engages the cardiovascular system, leading to elevated heart 

rate and blood pressure, which can contribute to vascular remodelling, left ventricular hypertrophy, and 

an increased risk of hypertension, myocardial infarction, and stroke(57). Chronic stress also impairs the 

immune system by dysregulating cytokine profiles. While acute stress activates the immune system, 

chronic stress shifts immune function toward humoral immunity by increasing Th2 cytokines and 

suppressing cellular immunity, as evidenced by slower wound healing and diminished antiviral 

responses (58,59). This immune dysfunction, coupled with inflammation, increases vulnerability to 

infections and chronic diseases. In older adults, chronic stress exacerbates immunosenescence, further 

impairing responses to infections and vaccinations(60). Moreover, chronic stress alters brain structure 

and function, particularly within the limbic system, leading to dendritic reorganization in neurons, 

dysregulated neurotransmitter signalling, and heightened risk of neuropsychiatric disorders such as 
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anxiety and depression(45,61). Chronic stress also disrupts energy homeostasis, as glucocorticoid 

overproduction impacts glucose metabolism, increases brown adipose tissue, and promotes weight 

changes, metabolic disorders, and insulin resistance(62). Dysregulated gut microbiota and blood-brain 

barrier permeability further link chronic stress to immune and metabolic dysfunction. Together, these 

findings emphasize the systemic effects of chronic stress, highlighting its role in cardiovascular disease, 

immune impairment, neuropsychiatric disorders, and metabolic dysregulation. Understanding these 

mechanisms is vital for mitigating chronic stress's long-term health impacts.   

 

3. STRESS AND GUT-BRAIN AXIS 

The gut-brain axis (GBA) is a sophisticated, bidirectional communication system connecting the central 

nervous system (CNS) with the enteric nervous system (ENS) in the gastrointestinal (GI) tract. This 

network integrates neural, immune, endocrine, and microbiota-derived signals to regulate both intestinal 

functions and brain activity as described in (Fig.4) (63) . By linking the cognitive and emotional centres 

of the brain with gut physiology, the GBA plays a critical role in maintaining homeostasis and overall 

well-being(63,64). The CNS, comprising the brain and spinal cord, influences gut behaviour through 

stress responses, appetite regulation, and digestion via neural pathways. In turn, the CNS responds to 

gut-derived signals, such as those related to distension or microbiota activity, adapting its responses to 

maintain balance(64). The ENS, often termed the "second brain," independently governs GI functions 

through a vast network of 200–600 million neurons. It regulates processes like peristalsis, enzyme 

secretion, and blood flow while communicating bidirectionally with the CNS via the vagus nerve and 

spinal pathways(65). Recent studies emphasize the role of gut microbiota in this axis, influencing mood, 

cognition, and susceptibility to neurodegenerative diseases and mood disorders. The microbiota 

interacts with the GBA through microbial metabolites, cytokines, and neurotransmitters, further 

highlighting its role in health and disease. This intricate system underscores the therapeutic potential of 

targeting the GBA in managing gastrointestinal, neurological, and psychiatric disorders.  
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3.1. Involvement of the central nervous system (CNS)  

The CNS regulates gut functions and homeostasis, while gut microorganisms influence CNS activity, 

contributing to the development and progression of various diseases, including neurological and 

gastrointestinal disorders(64). The GBA relies on multiple pathways to maintain systemic balance. The 

ENS, often called the “second brain,” consists of myenteric and submucosal plexuses that integrate 

sensory and motor signals independently. Prevertebral ganglia mediate signals between the ENS and 

CNS, while the CNS itself processes inputs to regulate gut smooth muscle, glands, and blood vessels 

via the autonomic and neuroendocrine systems. Higher brain centres influence these responses, creating 

a hierarchical regulation system. Disruptions at any level can lead to GBA dysfunction, which is linked 

to conditions like irritable bowel syndrome (IBS), depression, and neurodegenerative diseases(66). The 

vagus nerve is a critical component of the GBA, providing bidirectional communication. It modulates 

gut motility, secretion, and immune responses, and its afferent fibres transmit sensory signals to the 

brain. Gut bacteria influence CNS functions through vagal pathways, but studies show that severing the 

vagus nerve (vagotomy) disrupts microbial regulation of behaviour, as seen in mice models where 

probiotics fail to impact vagotomized animals(67). The immune system also plays a significant role in 

the GBA. Gut microorganisms interact with immune cells, promoting homeostasis and influencing CNS 

functions. Microbial metabolites, such as short-chain fatty acids (SCFAs), are key mediators. SCFAs 

cross the blood-brain barrier, modulating neuroinflammation and cognitive function. However, certain 

SCFAs, like propionic acid, have been shown to induce neuroinflammatory and oxidative stress-related 

changes in animal models, mimicking conditions like autism(68). Neurotransmitters produced by gut 

microbiota, including serotonin, GABA, and melatonin, further underscore the microbiota's influence 

on CNS activity. Changes in gut microbiota composition have been linked to altered emotional and 

cognitive states, emphasizing the strong association between gastrointestinal and mood disorders. 

Additionally, gut microorganisms regulate adult hippocampal neurogenesis (AHN), which is essential 

for learning and memory. Sterile mice exhibit reduced AHN, highlighting the critical role of early 

microbial colonization(69). The CNS also adapts to peripheral signals, such as hormonal secretions, 

immune mediators, and microbial metabolites, ensuring systemic homeostasis. For example, the 

hypothalamic-pituitary-adrenal (HPA) axis mediates stress responses, releasing cortisol, which 

influences gut motility and permeability. These mechanisms illustrate the CNS's role in coordinating 

complex physiological and behavioural responses via the GBA. In conclusion, the CNS is a pivotal 

modulator of the GBA, relying on neural, immune, and endocrine pathways to maintain homeostasis. 

Understanding this intricate network provides insights into therapeutic approaches for neurological, 

psychiatric, and GI disorders. 

3.2. Vagus nerve as a modulator of the gut-brain axis 

The vagus nerve plays a pivotal role in mediating communication between the gastrointestinal (GI) tract 

and the brain, forming a central component of the gut-brain axis (GBA). This nerve not only regulates 

gastrointestinal functions, including gastric motility and enzyme secretion, but also influences 

metabolic processes, immune signalling, and behavioural responses. Through its involvement in various 

physiological systems, the vagus nerve significantly impacts overall health and behaviour. The vagus 

nerve is integral to the regulation of metabolic homeostasis by modulating pancreatic hormone 

secretion, such as insulin and glucagon. For instance, it has been shown to enhance the growth hormone-

Fig. 4. Schematic illustration depicting the bidirectional communication between the gut and the brain. 

This interaction is regulated through multiple interconnected systems, including the autonomic nervous 

system (ANS), enteric nervous system (ENS), hypothalamic–pituitary–adrenal (HPA) axis, as well as 

immune, endocrine, and neural signalling pathways. This figure is adapted from Suganya et al. (63). 
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releasing effects of ghrelin and reduce postprandial insulin secretion(70). Additionally, its interaction 

with hormones like cholecystokinin (CCK) and leptin influences energy balance, satiety, and appetite 

regulation. The vagus nerve carries signals related to hunger and fullness from the GI tract to the brain, 

coordinating long-term energy balance and food intake(71). Beyond metabolic regulation, the vagus 

nerve’s cholinergic signalling has been implicated in reducing inflammation, particularly in obesity and 

metabolic syndrome. Dysregulation of this pathway can lead to chronic inflammation, contributing to 

insulin resistance and type 2 diabetes(72,73). This highlights the crucial role of the vagus nerve in 

modulating immune responses and its potential as a target for treating metabolic disorders. The gut 

microbiota, a complex and diverse community of microorganisms residing in the human GI tract, is 

closely linked to numerous diseases, including those affecting the brain. Researchers have increasingly 

recognized the gut microbiota-brain axis as a critical pathway through which the gut and brain 

communicate. This interaction occurs through various mechanisms, such as the vagus nerve, the 

hypothalamic-pituitary-adrenal (HPA) axis, and microbial metabolites, as well as through cytokine 

signalling(74). The vagus nerve, one of the longest cranial nerves, serves as the main conduit for gut-

to-brain communication, influencing brain functions and behaviour. This bidirectional signalling 

between the gut and brain can affect mood, stress responses, and even neurodegenerative diseases. For 

instance, the stimulation of vagal afferent fibers has been shown to influence monoaminergic brain 

systems, which are implicated in psychiatric conditions like mood and anxiety disorders. Interestingly, 

vagus nerve stimulation (VNS) has emerged as a promising therapeutic approach for treatment-

refractory depression, post-traumatic stress disorder (PTSD), and inflammatory bowel disease. VNS 

has been shown to increase vagal tone, reduce cytokine production, and enhance resilience to 

stress(75,76). 

3.3. Enteric nervous system (ENS) 

The Enteric Nervous System (ENS), often called the "second brain," contains 200-600 million neurons 

governing gastrointestinal (GI) functions independently of the central nervous system (CNS). The ENS 

coordinates digestion through reflexes, peristalsis, enzyme secretion, and blood flow regulation while 

enabling bidirectional communication with the CNS via vagal and spinal pathways. This interaction 

underscores the ENS's role in modulating sensations and digestive health. Aging correlates with an 

increase in neurological disorders. A study revealed that the ENS expresses risk genes for diseases 

beyond the GI system, implicating its role in neuropathic and inflammatory disorders(77). The 

microbiota-gut-brain (MGB) axis offers insights into such diseases, but research is limited by a lack of 

causative evidence. The GI tract hosts diverse microorganisms, including bacteria from Bacteroidetes, 

Firmicutes, Actinobacteria, and Proteobacteria phyla, which influence ENS function through direct or 

metabolite-mediated interactions. The ENS, part of the autonomic nervous system (ANS), spans the GI 

tract through the submucosal (Meissner’s) and myenteric (Auerbach’s) plexuses, housing neurons like 

nitrergic and cholinergic types(78,79). It forms a sensorimotor reflex circuit responsible for motility 

and immunity. Microbes impact ENS development and function through signalling molecules like 

short-chain fatty acids (SCFAs) and lipopolysaccharides (LPSs). The vagus nerve serves as a key 

conduit between the ENS and CNS, transmitting sensory data to brain areas like the nucleus tractus 

solitarius (NTS) while receiving CNS-mediated motor signals that influence GI motility and 

secretion(80). The ENS and microbiota form an integral bidirectional link between the GI system and 

host physiology. Bacterial molecules traverse epithelial barriers to interact with enteric plexuses, while 

non-neuronal intermediary cells contribute to enteric neuron activation(81). Future research should 

emphasize longitudinal, mechanistic studies to elucidate the causal pathways in gut microbe-ENS 

interactions, paving the way for novel therapeutic strategies against neurological disorders. 
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4. IMPACT OF STRESS ON GUT MOTILITY 

Stress significantly impacts gut motility, disrupting normal gastrointestinal (GI) functions through the 

gut-brain axis, a bidirectional communication system between the central nervous system and the GI 

tract. Stress-induced changes in peristalsis, the coordinated muscular contractions of the digestive tract, 

may lead to symptoms such as diarrhoea (due to hypermotility) or constipation (due to 

hypomotility)(82). Psychological stress has been implicated in functional GI disorders like irritable 

bowel syndrome (IBS) and functional dyspepsia, both considered classical psychosomatic conditions 

influenced by stressors. Psychological stressors can alter motility by influencing neuroendocrine 

pathways, including the hypothalamic-pituitary-adrenal (HPA) axis, and affecting gut microbiota 

composition(83). Animal models provide valuable insights into stress-induced gut motility changes. 

Housing mice with a hungry cat in a two-layer cage demonstrated how acute psychological stress affects 

small intestinal motility, gut bacteria, and mucosal integrity(84). These findings emphasize that 

psychological stress is not only a modulator of GI symptoms but also contributes to the pathophysiology 

of stress-related GI disorders and potential systemic effects. 

4.1. Peristalsis and stress: a complex interplay 

Peristalsis, the coordinated wave-like contractions of the gastrointestinal (GI) tract, is essential for 

propelling food and waste through the digestive system. This reflexive activity is mediated by the 

enteric nervous system (ENS) and influenced by mechanical and chemical stimuli in the gut lumen. 

Stress, a key disruptor of homeostasis, significantly impacts peristalsis and overall gut motility, often 

leading to gastrointestinal disorders such as constipation, diarrhoea, and bloating. Peristalsis is initiated 

by the detection of luminal stimuli by intrinsic primary afferent neurons, which activate interneurons 

and motor neurons in the ENS. The resulting contraction of circular and longitudinal muscles on the 

oral side of the bolus and simultaneous relaxation on the aboral side propel contents forward(85). 

Serotonin (5-HT) plays a critical role in triggering this reflex by stimulating sensory afferents and 

facilitating neurotransmission(86). While peristalsis is typically anterograde, reverse peristalsis can 

occur under certain conditions, such as luminal toxicity, indicating its adaptability. Stress triggers 

activation of the HPA axis and the sympathetic nervous system, resulting in the secretion of cortisol 

and catecholamines that influence the activity of the ENS. Acute stress can inhibit gastric emptying and 

intestinal transit while increasing colonic motility and defecation(87). Studies in animal models have 

demonstrated varied effects of stress on small intestinal motility. For example, restraint stress can either 

enhance or inhibit transit depending on the stressor type, duration, and individual biological factors 

such as species, gender, and circadian rhythms(88). Acute stress typically induces delayed gastric 

emptying and reduced intestinal transit. In contrast, chronic stress can lead to persistent dysregulation 

of peristalsis, contributing to conditions like irritable bowel syndrome (IBS). Studies using rodent 

models have shown that psychological stressors such as restraint or exposure to predators impair the 

migrating motor complex (MMC), a pattern of motility essential for intestinal clearance during 

fasting(89). CRF serves as a central mediator of stress-related alterations in gastrointestinal motility. 

CRF acts on the brain and gut via CRF receptors, leading to delayed gastric emptying and altered 

peristalsis(90). CRF receptor antagonists have shown promise in mitigating stress-related GI symptoms 

by blocking these pathways, highlighting the central role of the neuroendocrine-immune axis in stress-

induced gut dysfunction. The modulation of peristalsis by stress underscores the importance of 

addressing psychological factors in managing functional GI disorders. Therapies targeting the gut-brain 

axis, including stress management, dietary interventions, and pharmacological agents such as serotonin 

modulators and CRF antagonists, have shown efficacy in improving symptoms(91). Additionally, 

understanding individual variability in stress responses can guide personalized treatment approaches. 

Stress profoundly affects peristalsis through complex interactions involving the ENS, HPA axis, and 
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neuroimmune pathways. Acute stress typically inhibits gastric and small intestinal motility while 

enhancing colonic activity, whereas chronic stress leads to persistent dysregulation, contributing to 

functional GI disorders(91). Ongoing research into the mechanisms of stress-induced changes in gut 

motility will further inform therapeutic strategies to improve patient outcomes. 

4.2. Stress and constipation: understanding the connection 

Constipation, defined by infrequent bowel movements or difficulty in stool passage, is a common 

gastrointestinal issue that can result from various factors, including dietary habits, hydration levels, 

physical activity, and stress. Recent studies highlight the strong link between psychological stress and 

constipation, affecting both children and adults. Stress triggers the release of hormones like epinephrine 

and cortisol, redirecting blood flow away from the intestines and slowing motility, which predisposes 

individuals to constipation(92). Additionally, stress-induced activation of corticotropin-releasing factor 

(CRF) in the gastrointestinal (GI) tract disrupts gut motility, increases intestinal permeability, and 

promotes inflammation(93). Stress also negatively impacts gut microbiota, reducing healthy bacteria 

essential for digestion and motility, though further research is needed to confirm this mechanism(94).  

Research highlights the prevalence of stress-induced constipation in children, showing that stressful life 

events, such as academic failures or family disruptions, significantly raise the odds of constipation (odds 

ratio 2.52, p < 0.0001)(95). Studies also link emotional and behavioural issues to constipation, with 

ADHD prevalence higher in children with functional constipation(96). Addressing stress through 

dietary changes, hydration, exercise, and psychological support, including cognitive-behavioral therapy, 

can help alleviate constipation and improve overall GI health. Further research is necessary to explore 

chronic stress's long-term effects on gut function and develop targeted interventions for vulnerable 

populations. 

4.3.   Stress response and diarrhoea 

Stress significantly contributes to diarrhoea; a condition often linked to the gut-brain axis and the body's 

"fight-or-flight" response. During stress, neurotransmitters and hormones like serotonin (5-HT) alter 

gut motility, increasing bowel movements and expelling water and electrolytes too rapidly, leading to 

loose stools(97). Acute stress accelerates intestinal transit, while chronic stress may alter gastric 

emptying patterns, highlighting the dual impact of stress on gastrointestinal (GI) function. Stress-

induced diarrhoea is linked to heightened visceral sensitivity and immune system disruptions, as 

observed in weaning mice, where elevated 5-HT levels correlated with immune dysregulation and 

severe diarrhoea(98). Treatment with para-chlorophenylalanine (PCPA) alleviated symptoms by 

reducing 5-HT and normalizing immune responses. Stress causes increased colon activity while slowing 

other digestive functions, resulting in diarrhoea during acute episodes. Persistent stress-related 

diarrhoea warrants medical evaluation to rule out underlying conditions. Lifestyle factors, such as 

disrupted eating habits, dehydration, and insufficient sleep, often exacerbate stress-induced diarrhoea. 

 

5. MICROBIOME ALTERATIONS: INFLUENCE OF STRESS ON GUT MICROBIOTA 

DIVERSITY AND COMPOSITION 

Stress significantly impacts gut microbiota, leading to decreased diversity, dysbiosis, and functional 

changes that affect intestinal permeability, inflammation, and neurotransmitter regulation. This intricate 

gut-brain connection highlights the profound influence of stress on health(99,100). Psychological stress 

disrupts the balance of gut microbial communities, often reducing the abundance of beneficial taxa 

essential for brain and immune function.  
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The microbiota-gut-brain axis (MGBA) operates through a dynamic interplay where microbial 

metabolites such as short-chain fatty acids (SCFAs) and neurotransmitters influence the intestinal 

epithelium, enhancing barrier integrity and modulating neuroimmune responses. These metabolites can 

cross into the lamina propria and systemic circulation, activating immune cells and vagal nerve 

signalling. Concurrently, stress activates the hypothalamic–pituitary–adrenal (HPA) axis, elevating 

cortisol levels, which further alter gut motility and microbial composition via enteric nervous system 

interactions, as described in Fig. 5 (101). Stress-related microbial shifts are linked to reduced resilience 

against diseases and impaired gastrointestinal health, emphasizing the interplay between mental and gut 

health(100,102). Chronic stress also disrupts the integrity of critical physiological barriers, such as the 

intestinal and blood-brain barriers (BBB), allowing microbial products like lipopolysaccharides and 

short-chain fatty acids to cross into circulation and influence brain function. These disruptions are 

associated with emotional and behavioral abnormalities(103). Experimental models, such as chronic 

unpredictable mild stress (CUMS) and social disruption paradigms, reveal that stress-induced microbial 

alterations are intertwined with changes in cytokines, chemokines, and neurotransmitter levels. 

However, the lack of models isolating psychological stress limits understanding of its direct effects on 

the gut microbiome(104). Emerging evidence suggests reduced microbial diversity is linked to anxiety, 

Fig. 5. Schematic overview of the key components of the microbiota-gut-brain axis (MGBA). Gut 

microbiota influences the intestinal lumen and epithelial surface by releasing various metabolites, such as 

short-chain fatty acids (SCFAs) and neurotransmitters. These microbial products can traverse the epithelial 

barrier into the lamina propria and systemic circulation. Some metabolites also act locally on the epithelium, 

enhancing tight junction integrity and promoting the release of neuroendocrine and immune mediators that 

affect vagal nerve signalling or enter the bloodstream. Within the lamina propria, immune cells respond to 

microbial cues detected by dendritic cells by producing anti-inflammatory cytokines. Additionally, stress 

triggers the activation of the hypothalamic–pituitary–adrenal (HPA) axis, modulating cortisol levels in 

circulation and influencing gut motility via interactions with the enteric nervous system. This figure is 

adapted from Binda et al. (101). 
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stress, and altered social behaviors, underscoring the microbiome-gut-brain axis's critical role in 

regulating mental and physical health. Targeting stress-induced microbial shifts could provide novel 

therapeutic strategies for stress-related disorders. 

5.1. Impact of stress on gut microbiome composition and diversity 

Stress is a significant environmental factor influencing gut microbiota composition and diversity, a 

phenomenon known as stress-induced dysbiosis. This dysbiosis is characterized by a reduction in 

beneficial microbial species and an increase in harmful ones, with profound implications for gut health 

and overall physiological functioning. The interaction between stress and gut microbiota extends 

beyond the gastrointestinal tract, affecting metabolic, immune, and neurobehavioral functions. This 

bidirectional relationship underscores the complexity of the gut-brain axis, making it a critical area of 

investigation. Chronic psychological stress can induce long-lasting alterations in the gut microbiota. 

Studies have demonstrated that stress significantly decreases the abundance of certain bacterial species 

associated with mental health resilience, exacerbating conditions like anxiety and depression(105). For 

instance, alterations at the phylum level often show significant shifts in Bacteroidetes, Firmicutes, and 

Proteobacteria. While these phyla typically constitute over 98% of the gut microbiota in mammals, 

stress can disrupt their balance, leading to dysbiosis. In animal studies, researchers have observed that 

psychological stress reduces microbial diversity and alters microbial composition. Genera such as 

Lachnospira, Phascolarctobacterium, and Sutterella are often negatively associated with stress, while 

others, like Roseburia and Methanobrevibacter, show increased abundance under stress(106). These 

changes suggest that stress-induced dysbiosis is not merely a reduction in diversity but also an alteration 

in the functional capabilities of the gut microbiota. The mechanisms through which stress impacts gut 

microbiota are multifaceted. Stress hormones, such as norepinephrine (NE), influence bacterial gene 

expression, promoting the growth of specific microbial communities. NE has been shown to alter the 

gut environment by increasing intestinal motility and mucin secretion, thereby creating conditions that 

favor the proliferation of certain bacterial species(94). Moreover, stress-induced alterations in gut 

barrier integrity, mediated by increased production of reactive oxygen species (ROS), can lead to 

systemic inflammation and metabolic dysfunction. Microbial metabolites also play a significant role in 

stress responses. Short-chain fatty acids (SCFAs), such as butyrate, produced by beneficial bacteria like 

Lachnospiraceae, are essential for maintaining gut health and modulating immune responses(107). 

Stress-induced reductions in SCFA-producing bacteria may compromise gut barrier integrity, 

exacerbate systemic inflammation and promote a maladaptive stress response. The gut-brain axis, a 

communication network linking the gastrointestinal tract and the central nervous system, plays a pivotal 

role in mediating the effects of stress on behavior and mental health. Studies in animal models have 

shown that gut microbiota can influence anxiety-like and depressive-like behaviors. For example, faecal 

microbiota transplantation from stressed or anxious mice to germ-free mice can induce similar 

behavioral traits in the recipient animals(108). Some studies report reduced alpha diversity in stressed 

populations, while others observe increased diversity, influenced by factors such as diet, experimental 

models, and stress type. Mice exhibiting resistance to stress showed higher levels of Lactobacillus and 

Akkermansia in their gut microbiota, while displaying reduced levels of Bacteroides, Alloprevotella, 

Helicobacter, Lachnoclostridium, Colidextibacter, and Lachnospiraceae NK4A136(109). Interestingly, 

stress-induced microbial changes are not limited to bacteria but extend to archaea, such as increased 

Euryarchaeota abundance, which may contribute to adverse health outcomes. Understanding the effects 

of stress on gut microbiota composition and diversity can inform therapeutic interventions. Probiotics, 

prebiotics, and dietary modifications show promise in mitigating dysbiosis and improving mental health 

outcomes(110). Additionally, integrating microbiome research with personalized medicine could 

enhance treatment efficacy for stress-related disorders. Stress-induced dysbiosis exemplifies the 
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intricate interplay between psychological stress and gut microbiota(105). Alterations in microbial 

composition and diversity not only affect gut health but also have far-reaching implications for systemic 

and mental health. Future research should focus on unravelling the mechanisms driving these changes 

and developing targeted interventions to alleviate their adverse effects. 

5.2. Role of Gut-Brain axis in stress-microbiome interactions 

The gut-brain axis is a bidirectional communication network involving the central nervous system 

(CNS), enteric nervous system (ENS), autonomic nervous system (ANS), and gut microbiota, playing 

a critical role in stress-related interactions and overall homeostasis. Gut microbiota significantly 

influences neurophysiology and behaviour through microbial metabolites, such as GABA, serotonin, 

and tryptophan derivatives, which interact with neural and endocrine pathways(111). For instance, 

Lactobacillus rhamnosus modulates GABA receptor expression in the brain, affecting stress and anxiety 

responses(112). Studies in maternal separation models of early-life stress reveal alterations in gut 

microbiota, HPA axis activation, and anxiety-like behaviours, with the microbiota being crucial for 

these stress-induced effects(113). Similarly, gut dysbiosis caused by a maternal high-fat diet in mice 

disrupts offspring social behaviour and brain oxytocin levels, which can be ameliorated by restoring 

microbial balance(114). Evidence from human studies supports these findings, as probiotics like 

Bifidobacterium longum 1714 reduce stress and enhance cognition, although variability in outcomes 

highlights the influence of diet, lifestyle, and genetics(115). Microbiota also impacts neurodegenerative 

and developmental disorders, with altered microbial profiles linked to Parkinson’s disease and autism 

spectrum disorders(116). Communication within the gut-brain axis involves the ANS-mediated ENS 

activity, with microbial signals like indole and serotonin influencing vagal and 5-HT receptor pathways. 

Stress impacts gut microbiota via the HPA axis, as germ-free mice exhibit hyperactive corticosterone 

responses, underscoring the regulatory role of gut microbiota(117). Medications, including antibiotics 

and psychotropics, can further alter gut microbiota and subsequently affect neurophysiology, 

emphasizing the gut-brain axis's complexity and its therapeutic potential in managing stress and mental 

health. 

 

6. PSYCHOLOGICAL AND GASTROINTESTINAL DISORDERS LINKED TO STRESS 

Early studies established a significant link between psychosocial stress and physiological diseases, 

emphasizing the critical role of psychological factors in gut dysfunction. This relationship showcases 

how stress can negatively affect gastrointestinal health, with research indicating that the effects of 

psychological stress markedly differ from those associated with physical stress(118). For instance, 

studies utilizing various stress models, including restraint, footshock, and cold exposure, demonstrate 

these distinctions in stress responses and their impact on gut function(119-121). The dysfunction of the 

brain-gut axis (BGA) resulting from exposure to stress may lead to the development of numerous 

gastrointestinal disorders. Conditions such as gastroesophageal reflux disease (GERD), peptic ulcer 

disease (PUD), inflammatory bowel disease (IBD), irritable bowel syndrome (IBS), and even food 

allergies have been linked to the compromised functioning of this axis under stress. The impact of stress 

on these ailments illustrates the need for a comprehensive understanding of both psychological and 

physiological factors in managing gastrointestinal health. 

6.1. Irritable bowel syndrome (IBS)  

Irritable bowel syndrome (IBS) is a prevalent functional gastrointestinal disorder affecting 9–23% of 

the global population, marked by abdominal pain and altered bowel habits without structural 
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abnormalities(122). Stress plays a crucial role in IBS pathogenesis, with studies revealing comorbid 

anxiety and depression in over 60% of IBS patients and bidirectional relationships between major 

depression and IBS symptoms(123). The gut-brain axis, a key mediator, connects the central nervous 

system (CNS) and the enteric nervous system (ENS), as stress-induced dysregulation of this axis 

impacts gut motility, permeability, and microbiota composition. Functional MRI studies in IBS patients 

show increased activation in brain regions like the anterior cingulate cortex, indicating CNS 

involvement(124). Dysbiosis, characterized by reduced beneficial bacteria like Lactobacillus and 

Bifidobacterium, is implicated in IBS and exacerbated by stress and high-fat diets, which induce chronic 

inflammation and alter gut permeability(125,126). Probiotics targeting gut microbiota have shown 

promise in relieving symptoms and associated anxiety, suggesting therapeutic potential. At the 

molecular level, serotonin (5-HT) regulation plays a critical role; IBS subtypes show distinct 5-HT 

profiles, with decreased levels in constipation-predominant IBS (IBS-C) and increased levels in 

diarrhoea-predominant IBS (IBS-D), linking sensory dysfunction to symptoms(127,128). Immune 

activation is another contributing factor, with elevated mast cells, lymphocytes, and cytokine levels 

observed in IBS patients, as well as increased intestinal permeability. Approximately 10% of IBS cases 

arise post-infectious gastroenteritis, highlighting inflammation's role in its pathogenesis(129). Stress 

and psychosocial factors exacerbate symptoms, necessitating psychological interventions like 

cognitive-behavioural therapy to complement traditional treatments(130). Dietary factors, such as low 

FODMAP diets, modulate symptoms by influencing gut microbiota and barrier integrity(131). Effective 

management of IBS includes a combination of dietary modifications, probiotics, and pharmacological 

interventions like serotonin receptor modulators, rifaximin, and antispasmodics, alongside 

psychological therapies for stress-related IBS(132). Future research should focus on personalized 

approaches to optimize treatments for this multifactorial disorder, which exemplifies complex 

interactions between stress, gut-brain axis dysfunction, and microbiota dynamics. 

6.2. Stress and inflammatory bowel disease (IBD) 

Inflammatory Bowel Disease (IBD), encompassing ulcerative colitis (UC) and Crohn's disease (CD), is 

characterized by chronic gastrointestinal inflammation with complex, multifactorial pathogenesis 

involving immune dysregulation, genetic predisposition, environmental factors, and microbiota 

alterations(133). Chronic psychological stress has emerged as a key factor in exacerbating IBD, 

contributing to both disease progression and increased susceptibility to psychiatric comorbidities, such 

as anxiety and depression(134). Stress-mediated activation of the hypothalamic-pituitary-adrenal (HPA) 

axis and biogenic amines, including serotonin, plays a critical role in the gut-brain axis, modulating 

immune responses and the production of pro-inflammatory mediators, as described in Fig. 6 (135).  
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Dysregulated Th17 responses, which produce pro-inflammatory cytokines such as IL-17A and IL-21, 

contribute to intestinal barrier dysfunction, neuroinflammation, and IBD progression(136). 

Psychological stress also disrupts the intestinal microbiota, promoting pathogenic colonization, 

increasing intestinal permeability, and amplifying systemic inflammation, further driving IBD 

pathology. Studies demonstrate that microbiota dysbiosis, characterized by reduced levels of protective 

bacteria such as Lactobacillus and Bacteroides, and increased pathogenic bacteria, like adherent-

invasive Escherichia coli, correlates with IBD severity(137). Moreover, the oral-gut axis has been 

implicated, as pathobionts from the oral cavity can colonize the intestines, exacerbating inflammation 

in IBD patients(138). Stress-induced alterations in the gut microbiota and its metabolites, such as 

serotonin and short-chain fatty acids, affect neuroimmune signalling, highlighting the bidirectional 

relationship between the brain and gut(139). Therapeutic strategies targeting stress and microbiota, 

including psychobiotics, antidepressants, and microbiota transplantation, show promise in mitigating 

IBD symptoms and improving psychological outcomes. Advanced imaging and molecular diagnostic 

tools are essential for understanding stress-IBD interactions and developing personalized treatments.  

 

Fig. 6. Pathways through which stress influences the development and progression of inflammatory 

bowel disease (IBD). Stress exerts multifaceted effects on the gastrointestinal system through coordinated 

interactions among the nervous, endocrine, and immune systems. It activates the brain-gut axis, including the 

hypothalamic-pituitary-adrenal (HPA) axis, autonomic nervous system (ANS), and enteric nervous system 

(ENS). These responses contribute to IBD pathogenesis by inducing gut microbiota imbalances (dysbiosis), 

impairing gastrointestinal secretion and motility, compromising the integrity of the intestinal barrier, and 

promoting the release of pro-inflammatory mediators. This figure is adapted from Sun et al. (135). 
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6.3. The impact of stress on acid reflux and digestive disturbances 

Gastroesophageal reflux disease (GERD), a condition characterized by the backflow of stomach 

contents into the oesophagus, manifests with symptoms like heartburn and regurgitation, affecting 

approximately 13.98% of the global population(140). Its prevalence varies significantly worldwide, 

with higher rates in countries like Sri Lanka (25.3%) compared to global averages, partly due to 

differences in diagnostic criteria(141). Stress is a recognized risk factor for GERD, exacerbating 

symptoms and complicating treatment outcomes. Studies reveal that stress amplifies GERD symptoms 

through mechanisms such as oesophageal hypersensitivity and reduced lower oesophageal sphincter 

tone(142). Chronic stress may also induce functional dyspepsia or heartburn, mimicking GERD without 

actual reflux, leading to misdiagnoses and treatment resistance. Stress-related behaviours, including 

poor dietary choices, smoking, and alcohol consumption, further aggravate GERD symptoms(143). The 

bidirectional relationship between GERD and stress highlights that while stress can worsen GERD, the 

chronic discomfort of GERD may itself induce stress, creating a vicious cycle. Stress-induced 

oesophageal hypersensitivity has been demonstrated in studies where acute stress heightened the 

perception of oesophageal stimuli without increasing acid exposure, suggesting central sensitization 

mechanisms(144). Additionally, stressful life events, such as divorce or bereavement, are strongly 

linked to the exacerbation of GERD symptoms. Notably, patients with higher anxiety levels often report 

intensified GERD symptoms, particularly chest pain, which is closely associated with stress(145). 

Despite these insights, the complex interaction between chronic stress, GERD symptoms, and 

individual susceptibility remains under-researched, especially in regions like South Asia. Future studies 

focusing on chronic stress models and differentiating between functional and true GERD using 

advanced diagnostics could refine management strategies and improve outcomes for patients with 

stress-aggravated GERD. 

6.4.  Stress-induced gastritis and ulcer 

Stress-induced gastritis and ulcers, often a consequence of acute and chronic stress, illustrate the 

profound interplay between the CNS and the ENS, also known as the "second brain," which consists of 

approximately 500 million neurons in the gastrointestinal tract(132). Stress-related mucosal disease 

(SRMD) encompasses a spectrum of conditions from superficial mucosal erosions to stress ulcers, 

frequently seen in critically ill patients in intensive care units (ICUs)(146). Physiological stress, arising 

from severe trauma, burns, intracranial injuries, or sepsis, triggers heightened gastric acid secretion 

mediated by acetylcholine (ACh), gastrin, and histamine, which stimulate parietal cells via complex 

intracellular pathways, culminating in hydrogen ion secretion and mucosal damage(147). Disrupted 

gastric mucosal barriers lead to erosions and haemorrhagic lesions, with stress ulcers presenting as 

shallow but clinically significant features in up to 90% of ICU patients. However, overt bleeding occurs 

in 0.6–8.5% of cases(148). Mortality rates are markedly higher in patients with stress-induced 

gastrointestinal bleeding due to underlying conditions or multiorgan failure(149,150). Pathogenesis 

involves oxidative stress, decreased mucosal blood flow, and reactive oxygen species, countered to 

some extent by protective factors like nitric oxide(151,152). Calcium channel modulators and dopamine 

receptor agonists have demonstrated protective effects in experimental models, highlighting the 

neurochemical underpinnings of stress ulcers(153,154). Esophagogastroduodenoscopy (EGD) often 

reveals diffuse inflammation, mild erosions, and gastric haemorrhage, with stress-related gastric injuries 

presenting within days of a significant insult, such as trauma or surgery(155). Clinical manifestations 

include coffee-ground vomitus, hematemesis, melena, and abdominal pain, often with accompanying 

nausea or orthostatic symptoms in severe cases(156). Epidemiological studies report declining 

incidence rates of upper gastrointestinal haemorrhage, attributed to the early use of proton pump 

inhibitors (PPIs) and histamine blockers, underscoring the importance of prophylactic measures in at-
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risk populations(157). Stress-induced gastritis represents a critical area where interprofessional 

coordination is vital for timely diagnosis, evaluation, and treatment, integrating pharmacological 

interventions with comprehensive care strategies to mitigate complications and improve patient 

outcomes. 

6.5. Functional gut disorders: The role of psychological factors in conditions like functional 

dyspepsia 

Functional dyspepsia (FD), a prevalent yet poorly understood functional gastrointestinal disorder, 

exemplifies the complex interplay between psychological and physiological factors, with its 

pathogenesis attributed to dysregulation within the brain-gut axis (BGA), a bidirectional 

communication network linking the CNS and ENS(158,159). Research reveals a significant overlap 

between FD and irritable bowel syndrome (IBS), suggesting potential shared etiologies or 

manifestations of a single disorder spectrum, with up to 40% of gastroenterological cases displaying 

overlapping symptoms(160,161). Psychosocial factors, including anxiety, depression, and stress, are 

closely associated with FD, influencing its onset, symptom severity, and chronicity, potentially through 

mechanisms such as autonomic hyperarousal, increased visceral hypersensitivity, or unexpressed 

emotional distress. The biopsychosocial model proposed by Drossman integrates these interactions, 

emphasizing that FD results from multifactorial influences involving psychological, biological, and 

social factors, with the BGA serving as the anatomical substrate mediating this complex 

interaction(162). The BGA’s role involves sensory and viscerosensory inputs modulated by cognition 

and emotion, interacting with neural circuits in the CNS, spinal cord, autonomic nervous system, and 

ENS, ultimately contributing to dysregulation in intestinal motor and sensory activity. Notably, chronic 

stress and psychiatric comorbidities, such as depression, are linked to FD, either as precipitating or 

perpetuating factors, while these conditions also influence healthcare-seeking behaviours(163). 

Management strategies for FD underscore the importance of addressing psychosocial variables, with 

psychological therapies and psychotropic medications showing potential benefits, particularly for 

patients with refractory or chronic symptoms(164). This evolving understanding underscores the 

importance of the BGA and psychological factors in FD, highlighting the need for integrative 

management approaches that consider the psychosocial dimensions of the disorder alongside 

conventional medical treatments. 

 

7. TREATMENT APPROACHES FOR STRESS-INDUCED GUT DISORDERS 

7.1. Pharmacological interventions 

Treatment approaches for stress-induced gut disorders primarily involve pharmacological interventions 

targeting the central nervous system (CNS) and gut-brain axis. Antidepressants and anxiolytics, such as 

selective serotonin reuptake inhibitors (SSRIs) and serotonin-norepinephrine reuptake inhibitors 

(SNRIs), are commonly used as first-line treatments per the World Federation of Biological Psychiatry 

(WFSBP) guidelines(165,166). SSRIs, including fluoxetine and citalopram, improve gastrointestinal 

(GI) motility and alleviate visceral hypersensitivity but may cause agitation, diarrhoea, and sexual 

dysfunction(167-169). SNRIs like duloxetine and venlafaxine are effective in pain management related 

to functional gastrointestinal disorders (FGIDs), with side effects such as nausea and 

dizziness(170,171). Tricyclic antidepressants (TCAs), including amitriptyline and nortriptyline, 

provide analgesic benefits and improve sleep and diarrhoea but are associated with constipation, dry 

mouth, and cardiac arrhythmias(172). Novel therapeutic targets include α2-adrenergic agonists (e.g., 

clonidine) and kappa-opioid antagonists (e.g., CERC-501), which show potential in stress-related 
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disorders and pain modulation(173,174). Mirtazapine, an atypical antidepressant, enhances gastric 

accommodation and reduces nausea but can induce sedation and weight gain(175,176). Azapirones such 

as buspirone improve gastric function by reducing oesophageal contractions, albeit with limited 

specificity for symptom relief(177).  

In intensive care settings, stress ulcer prophylaxis is achieved through proton pump inhibitors (PPIs) 

and histamine-2-receptor antagonists (H2RAs), though prolonged use may lead to dyspepsia, vitamin 

B12 deficiency, and alterations in gastric microbiota(178). Emerging pharmacological strategies 

involve combinatorial approaches with agents targeting complementary CNS pathways, such as 

glucocorticoid and corticotropin-releasing factor-1 antagonists, for enhanced efficacy in treatment-

resistant cases(179,180). The exploration of second-tier candidates, such as metabotropic glutamate 

receptor (mGluR) modulators and peroxisome proliferator-activated receptor-gamma (PPAR-γ) 

agonists, holds promise for improving gut sensorimotor function and stress resilience(181). An 

integrative treatment paradigm that considers the biopsychosocial dimensions of stress-induced gut 

disorders is crucial for optimizing therapeutic outcomes while mitigating potential adverse effects and 

withdrawal symptoms linked to chronic pharmacotherapy. Additionally, anxiolytics like 

benzodiazepines and GABAergic drugs (e.g., pregabalin) provide symptomatic relief in generalized 

anxiety disorder and related conditions(182). Pharmacological management of stress ulcers primarily 

involves PPIs and H2RAs, which inhibit gastric acid secretion but carry risks such as parietal cell 

hyperplasia and gastric cancer in extreme cases(183,184). Understanding drug interactions and 

contraindications is crucial, particularly in ICU settings where prolonged medication use can exacerbate 

comorbidities and complicate patient management. Future therapeutic directions emphasize the role of 

personalized medicine and multidisciplinary approaches to address the complexity of stress-related gut 

disorders effectively. 

7.2. Role of prebiotics and probiotics 

Probiotics, defined by the Food and Agriculture Organization and the World Health Organization as live 

microorganisms that confer health benefits to the gastrointestinal (GI) tract when consumed in sufficient 

amounts, must withstand harsh gastric conditions to reach the intestines and maintain viability(185). 

Probiotic efficacy requires a minimum of 10⁶–10⁸ colony-forming units (cfu) per gram or millilitre, with 

daily doses exceeding 10⁹ cfu necessary for bacterial balance restoration(186). Lactic acid bacteria, such 

as Lactobacillus and Bifidobacterium species, and yeasts like Saccharomyces boulardii are key 

probiotics administered through foods, supplements, or pharmaceuticals(187,188). Prebiotics, including 

fructooligosaccharides (FOSs) and galactooligosaccharides (GOSs), enhance probiotics by selectively 

promoting beneficial microbial growth, thereby improving GI and mental health(189). Fermentation of 

prebiotics in the colon produces metabolites that foster gut homeostasis and influence mental health, as 

the gut microbiota plays a critical role in the gut-brain axis by affecting neurotransmitter production, 

including gamma-aminobutyric acid (GABA) and short-chain fatty acids(68). Evidence supports the 

use of probiotics in managing irritable bowel syndrome (IBS) and functional GI disorders diagnosed 

per Rome IV criteria, often linked to stress-induced microbiota imbalance, depression, and 

anxiety(190,191). Clinical trials demonstrate that strains such as Lactobacillus plantarum P-8 alleviate 

stress, anxiety, and depression by modulating gut microbiota diversity and functionality, reducing pro-

inflammatory cytokines, and enhancing neuroactive metabolites(192). Interventions have shown that 

gut microbial diversity and specific species like Bifidobacterium longum and Faecalibacterium 

prausnitzii correlate positively with improved mood and stress resilience, while lower diversity is linked 

to various disorders(192-194). Additionally, gut microbiota-derived metabolites, such as secondary bile 

acids and arachidonic acid, support intestinal barrier integrity and cognitive functions(195,196). This 

integrative approach to gut health underscores the potential of combining probiotics and prebiotics to 



Stress and the Gut Pathophysiology 

21 
 

mitigate mental and GI disorders, reduce healthcare costs, and improve overall well-being, highlighting 

the critical interplay between diet, microbiota, and host health. 

7.3. Psychological interventions 

Cognitive–behavioural therapy (CBT), mindfulness, and relaxation techniques are psychological 

interventions widely employed to address stress-induced gut disorders and other psychosomatic 

conditions. CBT, a structured psychotherapy method, focuses on identifying and altering maladaptive 

thought patterns to foster adaptive behaviours and emotional resilience. Its origins trace back to learning 

theory principles and subsequent integrations of behavioural and cognitive therapy in the mid-20th 

century(130). Studies, including randomized controlled trials, demonstrate the effectiveness of CBT in 

treating mental health conditions such as anxiety, depression, and obsessive-compulsive disorders, as 

well as physical ailments like irritable bowel syndrome (IBS) and fibromyalgia(130,197). Subtypes 

such as mindfulness-based cognitive therapy (MBCT) and acceptance and commitment therapy (ACT) 

extend the scope of CBT by incorporating mindfulness, exposure, and emotional regulation strategies, 

effectively addressing conditions like post-traumatic stress disorder (PTSD) and chronic pain(198,199). 

Evidence supports the utility of CBT in managing chronic conditions, improving mental health, and 

enhancing quality of life, with online and app-based CBT offering cost-effective and scalable 

solutions(200,201). Relaxation techniques, another adjunct, reduce physiological arousal associated 

with stress, offering additional benefits for stress-related disorders(202). Despite promising results, 

further research is needed to assess long-term outcomes and refine biopsychosocial approaches to 

optimize therapy for diverse populations, ensuring broad applicability and effectiveness. 

7.4. Dietary interventions 

Stress negatively impacts gut health by disrupting the gut-brain axis, leading to altered gut microbiota 

composition, increased intestinal permeability, and systemic inflammation. Diet plays a crucial role in 

mitigating these effects, with anti-inflammatory and fiber-rich diets demonstrating significant benefits. 

Anti-inflammatory diets, such as the Mediterranean diet, rich in omega-3 fatty acids, polyphenols, and 

unsaturated fats, have been shown to reduce gut inflammation by promoting a balanced immune 

response and supporting beneficial gut microbiota(203). Similarly, fiber-rich diets enhance gut health 

by providing prebiotics, such as inulin and resistant starch, which are metabolized by gut bacteria into 

short-chain fatty acids (SCFAs) like butyrate. SCFAs play a critical role in strengthening the gut barrier, 

reducing inflammation, and modulating immune responses(204,205). Conversely, Western diets high in 

saturated fats and refined carbohydrates are linked to dysbiosis, increased intestinal permeability, and 

heightened inflammation, exacerbating stress-induced gut dysfunction(206). Interventions like 

probiotics and fermented foods further support gut health by introducing beneficial microbes and 

enhancing microbial diversity, which counteract stress-related dysbiosis(188). Overall, adopting a diet 

rich in anti-inflammatory components and dietary fiber can effectively mitigate stress-induced gut 

health issues, highlighting the importance of dietary strategies in promoting gastrointestinal and 

systemic health. 

7.5. Gut-specific therapies 

Gut-specific therapies, including fecal microbiota transplantation (FMT), targeted probiotics, and gut 

healing strategies, have emerged as promising interventions for restoring gut microbial balance and 

treating various gastrointestinal and systemic disorders. FMT, an ancient practice first documented in 

traditional Chinese medicine 1700 years ago, involves the transfer of fecal microbiota from a healthy 

donor to a recipient with dysbiosis to restore microbial homeostasis(207). Modern scientific literature 

has demonstrated FMT's efficacy in treating recurrent Clostridioides difficile infection (CDI), achieving 
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success rates exceeding 90%, far surpassing traditional antibiotic treatments(208,209). Beyond CDI, 

FMT is being explored for its potential in managing inflammatory bowel disease (IBD), irritable bowel 

syndrome (IBS), obesity, metabolic syndrome, and neurological conditions such as Parkinson's disease 

and autism spectrum disorder, though further clinical validation is required(210). Dysbiosis, 

characterized by an imbalance in gut microbiota, is implicated in numerous diseases, and the 

manipulation of the gut microbiome through FMT offers an effective means of addressing these 

imbalances. While probiotics have been widely used to modulate gut flora, their efficacy is often limited 

due to the lack of microbial diversity compared to the naturally occurring gut microbiota in healthy 

individuals. Therefore, FMT provides a more comprehensive microbial restoration by introducing a 

complete and functional microbial ecosystem. In the context of IBD, including Crohn's disease and 

ulcerative colitis, studies suggest that FMT can modulate the immune response and promote gut healing 

by re-establishing a diverse and stable microbiota(211).  Gut-specific therapies, including FMT, dietary 

interventions, and targeted probiotics, offer a holistic approach to managing gut-related disorders by 

addressing underlying microbial imbalances and promoting gut barrier integrity. However, despite its 

potential, FMT poses challenges such as donor screening, standardization of procedures, and potential 

risks of pathogen transmission, which necessitate the establishment of rigorous clinical guidelines(212). 

The future of gut-specific therapies lies in personalized microbiome-based interventions, leveraging 

advances in metagenomics and precision medicine to tailor treatments to individual microbiome 

profiles. As research continues to uncover the intricate relationship between the gut microbiota and 

human health, gut-specific therapies hold significant promise for revolutionizing the management of 

both gastrointestinal and systemic diseases through targeted microbiome modulation. 

 

8. CONCLUSION 

The intricate relationship between stress and gut health has been increasingly recognized as a pivotal 

aspect of overall well-being. Stress exerts profound effects on gut physiology through neuroendocrine, 

autonomic, immune, and metabolic pathways. Central to this relationship is the HPA axis, with 

glucocorticoids acting as key mediators in the brain-gut axis, shaping gut function and contributing to 

stress-induced disorders. Advancing our understanding of HPA axis regulation, mitochondrial function, 

and their roles in stress-related gut pathology opens new avenues for targeted therapeutic interventions. 

Given the multifaceted effects of stress on gut health, an integrative treatment approach is essential. 

While traditional pharmacological options like SSRIs and TCAs remain effective, their significant side 

effects underscore the need for safer, targeted therapies. Natural alternatives, such as phytochemicals 

with antioxidant properties, offer promising avenues for reducing oxidative stress in the gut. 

Additionally, lifestyle interventions, including stress management, dietary modifications, and gut 

microbiome modulation via probiotics and prebiotics, provide complementary strategies to 

pharmaceutical treatments. Combining pharmacological, natural, and lifestyle interventions into a 

holistic model may yield the most effective and sustainable outcomes for managing stress-induced gut 

disorders.  Despite recent progress, critical gaps persist in understanding the precise molecular 

mechanisms linking stress and gut health. Future research should focus on unravelling the interplay 

between mitochondrial bioenergetics, biogenesis, and energy homeostasis in stress-induced gut 

pathologies. The emerging concept of the mind-mitochondria-gut axis offers a compelling framework 

for studying how mental stress translates into physiological responses through mitochondrial 

dysfunction. Translational research is essential to validate findings from animal models in human 

populations, ensuring interventions are both effective and safe. Addressing stress-related gut disorders 

requires a multidisciplinary approach that bridges research, clinical practice, and public health. 

Collaborative efforts among scientists, clinicians, and healthcare practitioners will be crucial in 
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developing targeted, innovative strategies to enhance gut health and improve the quality of life for 

individuals impacted by stress. 
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1. INTRODUCTION 

Mitochondria are indispensable organelles in eukaryotic cells, mainly involved in the production of 

adenosine triphosphate (ATP) through oxidative phosphorylation (OXPHOS)(1). Beyond energy 

production, they serve as metabolic hubs that coordinate diverse cellular functions, including calcium 

buffering, apoptotic signalling, redox homeostasis, and biosynthesis of amino acids, lipids, and iron–

sulfur (Fe–S) clusters(2). Mitochondria possess their own genome, mitochondrial DNA (mtDNA), a 

circular double-stranded molecule that encodes 13 critical components of the electron transport chain 

(ETC) complexes I, III, IV, and V, along with 22 tRNAs and two rRNAs critical for mitochondrial 

translation(3). However, most mitochondrial proteins are encoded by nuclear DNA and imported into 

the mitochondria post-translationally, necessitating tightly regulated communication between the 

nuclear and mitochondrial genomes(4). These organelles are inherently dynamic, undergoing 

continuous fusion and fission events that adapt mitochondrial morphology in response to cellular 

metabolic demands and stress stimuli(5,6). Through the concerted activity of ETC complexes I–IV, 

mitochondria facilitate electron transfer to molecular oxygen, creating a proton gradient across the inner 

membrane that drives ATP synthesis via complex V (ATP synthase)(7). In parallel, they regulate 

reactive oxygen species (ROS) generation, autophagic signalling, and innate immune responses, 

positioning mitochondria as sentinels of cellular integrity(8). Notably, mitochondrial dysfunction is 

increasingly recognized as an initiating event rather than a consequence—in the etiology of numerous 

human diseases, including metabolic syndromes, neurodegenerative disorders, and cancer(9). 

Mitochondrial oxidative stress (MOS), driven by excess ROS and redox imbalance, can disrupt 

membrane potential, compromise ATP generation, and activate cell death pathways. Moreover, 

damaged mitochondria release mitochondrial damage-associated molecular patterns (mtDAMPs), 

including oxidized mitochondrial DNA (mtDNA), cardiolipin, and N-formyl peptides, which are potent 

activators of inflammasomes and sterile inflammation mechanisms now implicated in gastrointestinal 

(GI) disorders, such as inflammatory bowel disease (IBD) and peptic ulcer disease(10). Recent studies 

have illuminated a complex and reciprocal relationship between mitochondrial function and gut 

homeostasis, extending beyond microbiota composition to include host epithelial integrity and immune 

surveillance(11). While microbial metabolites such as short-chain fatty acids (SCFAs) are known to 

influence colonocyte energy supply and mitochondrial gene regulation, current research emphasizes 

minimizing overreliance on microbial signals to understand intrinsic mitochondrial responses (12). 

Endogenous mitochondrial signalling via ROS, mtDNA, and metabolic intermediates plays a 

fundamental role in maintaining epithelial barrier function and modulating mucosal immune 

responses(13,14). Under pathological conditions, such as dysbiosis or psychological stress, 

mitochondrial dysfunction manifests as impaired OXPHOS, disrupted dynamics, and compromised 

redox homeostasis, contributing to gut inflammation and barrier breakdown(15). Additionally, 

mitochondrial defects influence systemic metabolic balance and immune tolerance, linking local 

epithelial dysfunction with extraintestinal pathologies. The loss of mitochondrial integrity in the gut 

epithelium leads to defective mitophagy, excessive ROS production, and activation of pro-

inflammatory cascades, hallmarks of diseases such as IBD, irritable bowel syndrome (IBS), and 

NSAID-induced gastropathy(16-18). While the gut microbiota remains a significant factor in host 

health, the emerging paradigm underscores mitochondria as both targets and regulators of gut 

pathophysiology, independent of microbial cues. Thus, elucidating mitochondrial pathways in GI 

disease offers promising avenues for therapeutic intervention aimed at restoring energy balance, 

maintaining epithelial homeostasis, and attenuating inflammation. 
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2. MITOCHONDRIAL FUNCTION AND GUT HEALTH 

Mitochondria are central to the maintenance of gastrointestinal (GI) health, especially in intestinal 

epithelial cells (IECs), which depend on precise mitochondrial control for energy production, redox 

signalling, organelle dynamics, and regulated cell death(19). This section explores the key 

mitochondrial processes influencing gut homeostasis and how their dysregulation contributes to 

gastrointestinal pathologies. 

2.1. Mitochondrial bioenergetics and reactive oxygen species (ROS) generation  

Mitochondria are central to cellular metabolism, functioning as crucial bioenergetic centres involved in 

the synthesis of adenosine triphosphate (ATP) through oxidative phosphorylation (OXPHOS)(1). This 

process involves the oxidation of reduced cofactors nicotinamide adenine dinucleotide (NADH) and 

flavin adenine dinucleotide (FADH₂) derived from core metabolic pathways, including glycolysis, fatty 

acid β-oxidation, and amino acid catabolism(20). These metabolic routes converge on acetyl-CoA, a 

pivotal intermediary that enters the tricarboxylic acid (TCA) cycle, where successive oxidative 

decarboxylation steps yield NADH and FADH₂, which subsequently fuel the electron transport chain 

(ETC). The ETC, composed of five multi-subunit protein complexes (Complexes I–V), facilitates 

stepwise electron transfer from NADH and FADH₂ to molecular oxygen. This electron movement is 

coupled with proton translocation from the mitochondrial matrix to the intermembrane space, 

establishing an electrochemical gradient. The return flow of protons through ATP synthase (Complex 

V) harnesses this gradient to drive the phosphorylation of ADP into ATP, a process foundational to 

mitochondrial energy output, as described in Fig.1 (21,22).  
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Despite its efficiency, OXPHOS is an inherent source of reactive oxygen species (ROS), predominantly 

superoxide anions (O₂•⁻), which arise from electron leakage at Complexes I and III. These radicals are 

further metabolized into downstream species such as hydrogen peroxide (H₂O₂) and hydroxyl 

radicals(23). In addition to ETC-derived ROS, other mitochondrial enzymes, including pyruvate and α-

ketoglutarate dehydrogenases, can generate ROS through flavin-mediated electron transfers(24). 

Mitochondrial β-oxidation also contributes to ROS production, both indirectly by exacerbating electron 

leak within the ETC and directly via ROS-generating enzymes like long-chain acyl-CoA 

dehydrogenase(25). 

To counterbalance ROS accumulation and maintain redox homeostasis, cells employ a sophisticated 

network of antioxidant enzymes, such as superoxide dismutase (SODs), catalase, and glutathione 

peroxidases-alongside non-enzymatic dietary antioxidants (e.g., vitamins C and E, selenium, 

zinc)(23,26). However, excessive ROS generation can overwhelm these defences, resulting in oxidative 

damage to lipids, proteins, nuclear DNA, and particularly mitochondrial DNA (mtDNA), which lacks 

protective histones and is thus highly susceptible to oxidative lesions(27). Common consequences 

include strand breaks and base modifications, such as thymine glycol formation(28). ROS-induced 

injury also compromises TCA cycle enzyme functionality, rendering mitochondria a principal target of 

oxidative stress and a key node in the regulation of cell fate via apoptosis and ferroptosis(29,30). 

Importantly, ROS is not solely detrimental. At physiological concentrations, mitochondrial ROS 

(mtROS) act as signalling molecules participating in the regulation of numerous cellular functions, such 

as proliferation, differentiation, and immune response modulation(31). They participate in redox-

sensitive signalling cascades, notably influencing mitogen-activated protein kinase (MAPK) activity 

and other intracellular pathways critical for tissue homeostasis. In the intestinal epithelium, a tissue 

characterized by rapid renewal and high metabolic demand, mitochondria play a particularly crucial 

role. Intestinal epithelial cells (IECs) depend on mitochondrial ATP to sustain epithelial barrier 

integrity, facilitate cell turnover, and coordinate immune responses. Metabolic specialization is evident 

along the crypt–villus axis: proliferative stem cells in the crypts predominantly rely on glycolysis, while 

differentiated cells in the villi utilize mitochondrial respiration to meet their energy requirements(32). 

Moreover, mtROS serve essential signalling roles in intestinal homeostasis, governing epithelial 

regeneration and immune responses(33). Disruption of this finely balanced bioenergetic and redox 

network contributes to epithelial dysfunction and underpins various gastrointestinal pathologies, 

including inflammatory bowel disease. 

Fig. 1. Electron Transport Chain (ETC) and Reactive Oxygen Species (ROS) Production: The ETC 

comprises five key enzyme complexes: Complex I (NADH dehydrogenase), Complex II (succinate 

dehydrogenase), Complex III (ubiquinol-cytochrome c oxidoreductase), Complex IV (cytochrome c oxidase), 

and Complex V (ATP synthase). NADH and FADH₂ donate two electrons each to Complexes I and II, 

respectively, initiating the electron transfer cascade. These electrons are relayed through iron-sulfur clusters 

to the lipid-soluble coenzyme Q (CoQ), which then transfers them to Complex III. From there, electrons move 

to cytochrome c (Cyt c), which delivers them to Complex IV, where the reduction of molecular oxygen (O₂) 

to water (H₂O) occurs. With the exception of Complex II, each ETC complex uses the energy from electron 

flow to pump protons from the mitochondrial matrix into the intermembrane space (IMS), creating an 

electrochemical gradient. This proton gradient powers ATP synthase (Complex V), which converts ADP and 

inorganic phosphate into ATP through rotational catalysis. However, during this process, electrons can escape 

from Complexes I and III, reacting with oxygen to form superoxide anions (O₂•⁻). These ROS are 

subsequently detoxified to hydrogen peroxide (H₂O₂) and water (H₂O) by various antioxidant enzymes, 

including superoxide dismutase 1 and 2 (SOD1/2), glutathione peroxidase (GPX), catalase (CAT), and 

glutathione reductase (GR), operating in the mitochondrial matrix, inner membrane, and cytosol. Reduced 

(GSH) and oxidized (GSSG) glutathione also play critical roles in maintaining redox balance. This figure is 

adapted from Guerbette et. al. (22) 
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2.2. Mitochondrial functions in intestinal epithelial cells 

The intestinal epithelium is a highly dynamic tissue that undergoes constant renewal every 4–5 days, 

driven by a coordinated interplay of proliferation, differentiation, and cell shedding. In the small 

intestine, this renewal is organized along the crypt–villus axis, where stem cells residing at the crypt 

base generate progenitors that proliferate and migrate upward, progressively differentiating into 

functionally specialized epithelial cell types. These include absorptive enterocytes and colonocytes, as 

well as secretory lineages such as goblet and enteroendocrine cells(34). At the villus tips or colonic 

surface, senescent cells detach and are eliminated through anoikis, preserving tissue integrity(35). 

Paneth cells, essential for maintaining the stem cell niche and microbial defence, remain localized in 

the small intestinal crypts, while in the colon, Reg4⁺ cells fulfil a similar supportive role(35). Given the 

intestinal epithelium's exposure to dietary antigens, microbial metabolites, and pathogens, continuous 

self-renewal is vital for maintaining barrier function. This regenerative process imposes substantial 

metabolic demands, largely met by mitochondria, which serve as central regulators of epithelial energy 

homeostasis(36). Metabolic zonation along the crypt–villus axis underlies functional specialization. As 

cells transition from proliferative to differentiated states during upward migration, they undergo a 

metabolic shift that reflects their changing roles and environmental cues. Stem cells and Paneth cells 

exhibit high glycolytic activity, while Lgr5⁺ intestinal stem cells (ISCs) rely on both glycolysis and 

oxidative phosphorylation (OXPHOS), suggesting metabolic flexibility at the crypt base, as shown in 

Fig.2 (35,37).  
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In contrast, differentiated enterocytes and colonocytes located at the villus tips or the upper crypt 

express elevated levels of OXPHOS components and demonstrate increased mitochondrial respiration 

to sustain their physiological functions(36). This spatial metabolic gradient is mirrored by the 

distribution and morphology of mitochondria. Studies in rat intestines have shown that villus IECs 

contain a significantly greater number of mitochondria compared to crypt cells, with larger 

mitochondrial size indicative of elevated bioenergetic demand(38). Intestinal organoids further support 

this correlation, demonstrating that IEC differentiation is accompanied by increased mitochondrial 

biogenesis. The metabolic plasticity of IECs is not only governed by nutrient availability and 

differentiation signals but also by mitochondrial regulators such as PGC1α and PGC1β. These co-

activators orchestrate mitochondrial biogenesis and oxidative metabolism, with PGC1α preferentially 

expressed in differentiated cells at the epithelial surface and sparsely distributed in proliferative crypt 

zones(39). Elevated PGC1α levels enhance mitochondrial content and respiratory capacity, as 

evidenced by increased cytochrome c oxidase activity(40,41). This mitochondrial amplification 

supports terminal differentiation and is implicated in villus formation during late gestation, where the 

transition from glycolysis to aerobic respiration is essential for epithelial elongation. 

Guanylyl cyclase C (GC-C), a receptor selectively expressed at the apical membrane of enterocytes, 

has emerged as a key modulator of mitochondrial biogenesis along the crypt–villus axis(42). Mice 

deficient in GC-C display reduced expression of mitochondrial markers, such as COX protein and 

mtDNA, coupled with enhanced glycolytic metabolism, underscoring the role of GC-C in epithelial 

metabolic reprogramming and homeostasis(43). The transcriptional repressor YY1 also contributes to 

this regulation, promoting genes linked to mitochondrial structure and function, and acting downstream 

of both mTOR and PGC1α signalling pathways(44). Loss of YY1 leads to impaired villus development 

and reduced PGC1α expression, further highlighting the interdependence of these regulatory 

networks(45). 

Redox signalling, mediated by mitochondrial ROS, adds another layer of complexity to IEC fate 

decisions. Mitochondria-derived ROS, primarily superoxide and hydrogen peroxide, play dual roles as 

signalling molecules facilitating differentiation, and as cytotoxic agents that induce apoptosis when 

produced in excess. The MAP kinase p38, activated by ROS, is critical for crypt formation and 

differentiation, particularly during organoid development(46). Disruption of OXPHOS, whether 

through ETC inhibition or antioxidant treatment, impairs crypt architecture, emphasizing the necessity 

of redox balance in maintaining epithelial structure and function. Apical enterocytes, which undergo 

programmed cell death during epithelial turnover, exhibit elevated mitochondrial ROS production. 

Concomitant low expression of antioxidant defences such as catalase (CAT) and SOD2 may predispose 

these cells to oxidative stress-induced apoptosis(47). Notably, upregulation of antioxidant systems 

through PGC1β overexpression reduces ROS accumulation and apoptosis, resulting in epithelial 

elongation and altered intestinal morphology(48,49). Thus, mitochondrial control of ROS levels is 

pivotal not only for protecting cellular components from oxidative damage but also for regulating 

epithelial homeostasis and turnover. 

Fig. 2. Metabolic and mitochondrial regulation across the intestinal crypt-villus axis. The crypt-villus 

axis exhibits a metabolic gradient, with stem cell niches (e.g., LGR5+ CBCs) favouring glycolysis, while 

differentiated enterocytes increasingly rely on OXPHOS. This shift correlates with elevated mitochondrial 

content, PGC1α-driven biogenesis, and ROS modulation, which governs IEC fate, including apoptosis in 

senescent villus cells. PGC1α, mTOR, and UPR pathways (MT/ER-UPR) orchestrate metabolic adaptations 

during differentiation, with mTOR integrating nutrient signals to regulate mitochondrial biogenesis. Notably, 

LGR5+ CBCs retain OXPHOS dependence, potentially fuelled by lactate from glycolytic Paneth cells, 

highlighting niche-specific metabolic interplay. ROS scavenger declines and UPR activation further fine-tune 

IEC transitions and anoikis susceptibility. This figure is adapted from Rath et. al. (37) 
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2.3. Mitochondrial-mediated apoptosis and epithelial turnover 

Apoptosis, or programmed cell death, is vital for maintaining intestinal epithelial turnover and tissue 

homeostasis. IECs are continuously renewed; proliferating in the crypts, differentiating during 

migration up the villi, and eventually undergoing apoptosis at the villus tips(50). This process ensures 

the removal of aged or damaged cells while maintaining barrier integrity. Mitochondria orchestrate 

apoptosis via the intrinsic pathway, which is activated in response to metabolic stress, oxidative 

damage, or cellular injury. Mitochondria-mediated apoptosis begins when stress signals disrupt the 

permeability of the outer mitochondrial membrane, triggering the release of cytochrome c, activation 

of caspase-9, and subsequent initiation of the apoptotic pathway(51). ROS act as key regulators of this 

process, especially when present in excess. Elevated levels of mtROS compromise the integrity of the 

mitochondrial membrane and facilitate the opening of the mitochondrial permeability transition pore, 

thereby enhancing apoptotic signalling(52). In IBD, mitochondrial apoptosis becomes dysregulated. 

Studies have documented increased ROS production and epithelial apoptosis, resulting in loss of barrier 

integrity, enhanced permeability, and activation of immune responses(53). Excessive epithelial cell 

death exacerbates inflammation, while insufficient apoptosis can lead to the accumulation of 

dysfunctional cells, promoting chronic damage and possibly increasing the risk of neoplasia. 

Mitochondrial dysfunction, by influencing both pro-survival and pro-death signals, is therefore a key 

determinant of epithelial fate(54). From a therapeutic perspective, strategies aimed at modulating 

mitochondrial apoptosis, whether by reducing ROS, restoring mitochondrial dynamics, or stabilizing 

mitochondrial membranes, hold promise in treating gut disorders characterized by epithelial loss and 

inflammation. By maintaining controlled apoptotic turnover, these interventions may help preserve gut 

homeostasis and reduce disease severity. 

 

3. MITOCHONDRIAL QUALITY CONTROL IN GUT HOMEOSTASIS 

The gastrointestinal (GI) epithelium is one of the most metabolically active tissues in the body, relying 

heavily on functional mitochondria for energy production, redox balance, and cellular turnover. To 

maintain this mitochondrial functionality under constant environmental and metabolic stress, intestinal 

epithelial cells (IECs) depend on an elaborate mitochondrial quality control (MQC) system. MQC 

encompasses a spectrum of coordinated processes, including biogenesis, redox buffering, mitophagy, 

and organelle dynamics (fusion and fission). Disruption of these pathways has been implicated in the 

pathogenesis of intestinal disorders such as inflammatory bowel disease (IBD) and NSAID-induced 

enteropathy, where impaired mitochondrial clearance and accumulation of damaged organelles 

contribute to barrier breakdown and chronic inflammation(17,55). 

3.1. Mitochondrial biogenesis and the role of PGC-1α in gut health 

Mitochondrial biogenesis is a dynamic and highly coordinated process that ensures the renewal and 

expansion of functional mitochondria to meet cellular energy demands, especially in metabolically 

active tissues such as the gastrointestinal (GI) epithelium(22). This process entails the replication of 

mitochondrial DNA (mtDNA), the transcription of both nuclear- and mitochondria-encoded genes, and 

the assembly of respiratory chain components and structural proteins essential for mitochondrial 

morphology and function(56). At the centre of this regulatory network is peroxisome proliferator-

activated receptor gamma coactivator-1 alpha (PGC-1α), a transcriptional coactivator that orchestrates 

the expression of genes involved in mitochondrial metabolism, oxidative phosphorylation (OXPHOS), 

and antioxidant defence. PGC-1α coactivates nuclear respiratory factors NRF1 and NRF2, which 

regulate the expression of mitochondrial transcription factor A (TFAM), mitochondrial transcription 
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factor B1/B2 (TFB1M/TFB2M), and various components of the electron transport chain(40,57). These 

transcription factors are essential for mtDNA replication, mitochondrial gene transcription, and the 

assembly of OXPHOS complexes. In the intestinal epithelium, PGC-1α plays a vital role in maintaining 

cellular energy metabolism and epithelial barrier integrity. Its expression is particularly enriched in 

differentiated villus cells, which rely predominantly on mitochondrial respiration to support energy-

intensive processes such as nutrient absorption and tight junction maintenance. Experimental studies 

have demonstrated that downregulation of PGC-1α, as observed in patients with ulcerative colitis and 

animal models of colitis, is associated with decreased mitochondrial density, impaired epithelial 

regeneration, and increased disease severity(58). Conditional deletion of PGC-1α in intestinal epithelial 

cells renders mice more susceptible to dextran sulphate sodium (DSS)-induced colitis, underscoring its 

essential role in mucosal defence and metabolic adaptation during inflammatory stress(58). PGC-1α 

exerts its effects through interaction with various transcriptional regulators. It coactivates estrogen-

related receptors (ERRs), particularly ERRα and ERRγ, which control the transcription of genes 

involved in fatty acid oxidation (FAO), the tricarboxylic acid (TCA) cycle, and mitochondrial 

respiratory function(59). ERRα also facilitates the induction of intracellular fatty acid transporters and 

mitochondrial FAO enzymes, enhancing mitochondrial oxidative capacity(60). In contrast, ERRγ has 

been implicated in regulating ion transport and mitochondrial membrane potential, although its specific 

roles in gut physiology remain underexplored. The expression and activity of PGC-1α are modulated 

by several upstream signalling pathways. AMP-activated protein kinase (AMPK), a key energy sensor, 

phosphorylates and activates PGC-1α in response to cellular energy depletion, thereby promoting 

mitochondrial biogenesis through the NRF1/2–TFAM axis, shown in Fig.3 (61,62). 

 

  

Fig. 3. Molecular regulation of mitochondrial quality control. (a) PGC-1α is central to mitochondrial 

biogenesis, regulated by AMPK, SIRT1, and Ca²⁺, with PGC-1β also contributing. (b) Mitochondrial 

dynamics involve fission (mediated by DRP1, FIS1, and MFF) and fusion (MFNs for outer membrane, OPA1 

for inner membrane), both under complex regulation. (c) Mitophagy clears damaged mitochondria via 

PINK1/Parkin-dependent and -independent pathways, involving autophagosome formation and signal 

regulation, while mitochondrial protein quality control degrades misfolded proteins, promoting mitophagy 

when unfolded proteins accumulate. This figure is adapted from Liu et. al. (62) 
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AMPK can also indirectly activate PGC-1α via upstream kinases such as calcium/calmodulin-

dependent protein kinase (CaMK), which responds to calcium fluxes and activates transcriptional 

programs linked to mitochondrial metabolism through CREB and p38 MAPK signalling(63).Sirtuin 1 

(SIRT1), a NAD⁺-dependent deacetylase, also activates PGC-1α by removing inhibitory acetyl groups, 

thereby enhancing its transcriptional activity and stabilizing mitochondrial function, especially during 

fasting or caloric restriction(63). Other modulators of PGC-1α include TORC family coactivators, 

which amplify CREB-dependent transcription of the PGC-1α gene(64), and post-translational 

modifications such as histone crotonylation, which has been recently linked to enhanced PGC-1α 

expression and mitochondrial biogenesis, particularly in models of tissue injury(65). Conversely, 

inflammatory mediators such as TNF-α and TWEAK can inhibit PGC-1α transcription by activating 

NF-κB, thus suppressing mitochondrial biogenesis and exacerbating epithelial damage in chronic 

inflammatory conditions(66). While PGC-1β, a homolog of PGC-1α, also contributes to mitochondrial 

biogenesis by coactivating NRF1 and ERRs, its expression pattern and inducibility differ. PGC-1β is 

constitutively expressed in certain tissues and supports basal mitochondrial turnover, especially during 

cell proliferation and differentiation, such as in M2 macrophages and osteoclasts(67,68). However, 

unlike PGC-1α, its expression is not significantly upregulated in response to acute metabolic stressors 

such as exercise or cold exposure, suggesting complementary but non-redundant roles in mitochondrial 

maintenance. In the context of gastrointestinal health, the PGC-1α axis emerges as a central regulator 

of epithelial energy metabolism, redox homeostasis, and regenerative capacity. Perturbations in PGC-

1α signalling, whether through inflammatory suppression, energy depletion, or transcriptional 

repression, undermine mitochondrial function and contribute to mucosal barrier dysfunction, as 

observed in IBD and other enteropathies(17,69). Therapeutic strategies that enhance PGC-1α 

expression or modulate its upstream regulators, including AMPK and SIRT1, hold promise for restoring 

mitochondrial integrity and alleviating intestinal inflammation(70). 

3.2. Mitochondrial dynamics in gut homeostasis 

Mitochondria are highly dynamic organelles that undergo continuous fusion and fission to meet cellular 

energy demands and respond to stress. This dynamic remodelling is essential for mitochondrial quality 

control (MQC)(71), maintenance of membrane potential, redistribution of mitochondrial DNA 

(mtDNA), and adaptation to metabolic fluctuations in intestinal epithelial cells (IECs)(72). In the gut, 

the equilibrium between fusion and fission ensures mitochondrial integrity and supports epithelial 

homeostasis. Mitochondrial fusion, regulated by mitofusin 1 and 2 (MFN1/2) and optic atrophy protein 

1 (OPA1), promotes the intermixing of mitochondrial contents, allowing functional complementation 

between damaged and healthy mitochondria. This process is critical for sustaining membrane potential, 

maintaining respiratory efficiency, and counteracting localized mitochondrial defects. In contrast, 

mitochondrial fission, primarily driven by dynamin-related protein 1 (DRP1), facilitates the isolation 

of damaged mitochondria, which are then targeted for degradation via mitophagy, a process essential 

for preventing the accumulation of dysfunctional organelles(73,74). Under physiological conditions, 

this dynamic balance maintains cellular and mitochondrial homeostasis. However, during pathological 

stress, including inflammation and pharmacological injury, this balance becomes disrupted. Excessive 

fission, driven by hyperactivation of DRP1 (notably through PKCζ-p38-MAPK-mediated 

phosphorylation at Ser616), results in mitochondrial fragmentation, depolarization, and the initiation of 

intrinsic apoptotic pathways(55). This mechanism has been implicated in NSAID-induced gastric 

epithelial injury, where agents like indomethacin and diclofenac induce DRP1-mediated fission and 

trigger caspase-dependent apoptosis. Similar mitochondrial defects have been observed in models of 

experimental colitis, where DRP1 inhibition using compounds like Mdivi-1 or the P110 peptide 

attenuates mitochondrial damage, reduces inflammation, and improves epithelial viability(75). On the 
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other hand, impaired fusion, due to downregulation of OPA1 or MFN2, leads to fragmented and 

dysfunctional mitochondria, compromised bioenergetics, and heightened sensitivity to oxidative 

stress(76). These defects are particularly detrimental in high-turnover tissues like the gut epithelium, 

where continuous renewal depends on metabolic efficiency and mitochondrial resilience. 

3.3. Mitophagy and autophagy pathways in gut integrity 

Autophagy, a conserved lysosomal degradation pathway, is indispensable for cellular homeostasis, 

facilitating the turnover of damaged organelles and misfolded proteins. Macroautophagy, the 

predominant form, involves the encapsulation of cytoplasmic cargo within double-membraned 

autophagosomes for lysosomal clearance, a process critical for stress adaptation and organellar quality 

control(77). Mitophagy, a selective autophagy variant, specifically targets dysfunctional mitochondria, 

thereby preventing reactive oxygen species (ROS)-mediated damage and maintaining mitochondrial 

fitness(78). This process is governed by two principal mechanisms: ubiquitin-dependent pathways, 

orchestrated by PINK1-Parkin signalling, and receptor-mediated pathways, which operate 

independently of ubiquitination. The PINK1-Parkin axis is activated upon mitochondrial 

depolarization, wherein PINK1 stabilizes on the outer mitochondrial membrane (OMM) and 

phosphorylates ubiquitin, recruiting and activating Parkin(79). Subsequent ubiquitination of OMM 

proteins recruit autophagy adaptors (p62/SQSTM1, NDP52, OPTN) that link damaged mitochondria to 

LC3-decorated autophagosomes(80). Conversely, receptor-mediated mitophagy employs OMM 

proteins such as BNIP3, NIX, and FUNDC1, which directly bind LC3 via LIR domains under hypoxia 

or metabolic stress(81). Phosphorylation of these receptors by kinases like ULK1 and SRC fine-tunes 

their mitophagic efficiency. Additional players include AMBRA1, which promotes ubiquitin-dependent 

mitochondrial clearance, and BCL2L13, a functional homolog of yeast Atg32, underscoring the 

mechanistic diversity of mitophagy(82). Beyond canonical pathways, mitochondrial-derived vesicles 

(MDVs) export damaged components to lysosomes independently of autophagosome formation, 

offering an alternative quality-control route. Similarly, mitochondrial spheroids, lysosome-enriched 

structures, may serve as fail-safe mechanisms during mitophagy impairment. In the intestinal 

epithelium, mitophagy is pivotal for maintaining barrier function and mitigating inflammation. 

Dysregulation of this process is implicated in inflammatory bowel disease (IBD), as evidenced by 

murine models with prohibitin1 (PHB1) deficiency, which exhibit mitochondrial dysfunction and 

exacerbated colitis(83). Human genetic studies further link IBD susceptibility to polymorphisms in 

autophagy genes (ATG16L1, IRGM), highlighting the role of mitophagy in epithelial defence. Impaired 

mitochondrial clearance in intestinal stem cells may also compromise regenerative capacity, 

perpetuating mucosal damage.(84)  

 

4. MITOCHONDRIAL DYSFUNCTION AND GUT DISORDERS  

Mitochondrial dysfunction is increasingly implicated in the pathogenesis of gastrointestinal (GI) 

disorders, where defects in energy metabolism, redox balance, and mitochondrial quality control 

contribute to epithelial injury, chronic inflammation, and tumorigenesis. This section reviews the role 

of mitochondrial impairment in major GI pathologies, including inflammatory bowel disease (IBD), 

irritable bowel syndrome (IBS), GI cancers, and stress-induced mucosal injury. 
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4.1. Mitochondrial dysfunction in inflammatory bowel disease (IBD) and irritable bowel syndrome 

(IBS) 

Inflammatory bowel disease (IBD) and irritable bowel syndrome (IBS) represent two prevalent, non-

malignant gastrointestinal disorders characterized by chronic inflammation and functional impairment 

of the gut, often of idiopathic origin. IBD, comprising Crohn’s disease and ulcerative colitis, affects 

over a million individuals in the United States alone, while IBS shows a substantial prevalence of 15–

21% in Western and South American populations(85,86). Mitochondrial dysfunction is increasingly 

recognized as a central pathophysiological mechanism in IBD, where deficiencies in electron transport 

chain (ETC) complexes II–IV impair OXPHOS, elevate mitochondrial reactive oxygen species 

(mtROS), and promote epithelial injury, as shown in Fig.4 (17,19). These impairments precede overt 

histological inflammation in experimental models such as DSS-induced colitis. Genetic evidence 

underscores this connection through IBD-associated polymorphisms in mitochondrial regulators like 

SLC22A5, UCP2, SOD2, and HSPA1A/B, as well as mtDNA variants affecting OXPHOS 

efficiency(87,88). Environmental stressors, including NSAID use, microbial dysbiosis, and 

psychological stress, exacerbate mitochondrial damage by disrupting tight junction proteins (occludin, 

ZO-1) and depleting antioxidant defences, thereby compromising intestinal barrier integrity(89-91). 

The loss of mitochondrial regulators such as PGC-1α and prohibitin 1 further impairs biogenesis, 

leading to Paneth cell dysfunction and energy failure, while proteomic studies in ulcerative colitis 

patients reveal reduced levels of mitochondrial chaperones and antioxidant enzymes. Pro-inflammatory 

cytokines like TNF and IL-1β directly target mitochondria, inhibiting ETC complex I and amplifying 

mtROS, which in turn activates the NLRP3 inflammasome to drive caspase-1-dependent release of IL-

1β/IL-18 and gasdermin D-mediated pyroptosis, processes with context-dependent roles in either 

exacerbating or mitigating inflammation(92). Mitochondrial dysfunction also promotes necroptosis and 

the release of mitochondrial DNA (mtDNA), which acts as a damage-associated molecular pattern 

(DAMP) to activate toll-like receptors, cGAS-STING signalling, and inflammasomes, perpetuating 

inflammatory cascades(93). Therapeutic strategies targeting mitochondrial pathways, including 

mitochondria-specific antioxidants (MitoTEMPO, MitoQ), NAD+ supplementation to restore SIRT1-

PGC1α-mediated biogenesis, and inhibitors of VDAC1 oligomerization to block mtDNA release, have 

shown promise in preclinical models by reducing oxidative stress, improving barrier function, and 

modulating immune responses(94-96). However, the dual roles of mitochondrial signals in both 

epithelial repair and immune activation highlight the need for cell-type-specific approaches, particularly 

given the divergent effects of NAD+ modulation on epithelial regeneration versus regulatory T cell 

induction(97,98). Collectively, these findings position mitochondrial quality control as a critical 

therapeutic node in IBD, bridging epithelial homeostasis, immune regulation, and microbial 

interactions, though clinical translation will require careful consideration of the complex, context-

dependent roles of mitochondrial pathways in intestinal inflammation.  
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In contrast, IBS is characterized by visceral hypersensitivity, dysmotility, and disrupted brain-gut 

interactions. Mitochondrial dysfunction in IBS has been linked to oxidative stress and genetic variants, 

particularly mtDNA mutations such as the 16519T polymorphism and alterations in ATP6 and ATP8, 

which are associated with maternally inherited and diarrhoea-predominant IBS(99,100). The 

overrepresentation of mitochondrial haplogroup H in familial IBS cases suggests a heritable 

mitochondrial contribution(100). Together, these findings position mitochondrial dysfunction as a 

converging mechanism in both IBD and IBS, linking genetics, oxidative stress, and environmental 

triggers to mucosal pathology. 

4.2. Mitochondrial dysfunction in gastrointestinal cancers 

Mitochondrial dysfunction plays a critical role in the initiation, progression, and prognosis of 

gastrointestinal (GI) cancers, including colorectal, gastric, and hepatocellular carcinomas. While cancer 

metabolism is often defined by the Warburg effect, preferential glycolysis even in the presence of 

oxygen, mitochondria remain essential for biosynthesis, redox balance, and survival signalling in 

tumour cells(101,102). Disruptions in mitochondrial metabolism, dynamics, and quality control have 

emerged as key contributors to tumorigenesis and metastasis in GI malignancies. Tumour cells 

frequently undergo metabolic reprogramming to sustain proliferation. In GI cancers, suppression of the 

mitochondrial pyruvate carrier (MPC) shifts cellular metabolism from OXPHOS to aerobic glycolysis, 

enhancing proliferative capacity and resistance to apoptosis(103). The PI3K/Akt/mTOR pathway 

further drives mitochondrial citrate export for de novo lipid synthesis, supporting membrane 

biosynthesis and tumour growth(104). 

However, mitochondria are not merely passive victims of metabolic shift-they are active participants in 

oncogenic signalling. In hepatocellular carcinoma (HCC) and colorectal cancer, long non-coding RNAs 

(lncRNAs) have been found to complex with NRF1 to activate mitochondrial biogenesis, supporting 

metabolic plasticity and proliferation(105,106). Similarly, in HCC, NRF1 activates E2F1, a key driver 

of cell cycle progression(107). These findings highlight how mitochondrial transcriptional programs 

are hijacked during oncogenesis. Mitochondrial dynamics, fusion, and fission are profoundly altered in 

GI cancers. Increased mitochondrial fission, largely mediated by dynamin-related protein 1 (DRP1), 

promotes tumour growth, migration, and resistance to apoptosis(108). DRP1 is frequently upregulated 

in colorectal and gastric cancers and correlates with higher tumour grade and poor prognosis. DRP1 

overexpression facilitates cell cycle progression, particularly during the G1/S transition, ensuring 

sufficient ATP availability for proliferating tumour cells. Pharmacologic or genetic inhibition of DRP1 

Fig. 4. Mitochondrial dysfunction in inflammatory bowel diseases. Ulcerative colitis and Crohn’s disease 

share clinical symptoms like abdominal pain, diarrhoea, and bloody stools but differ in pathological features; 

ulcerative colitis shows continuous mucosal inflammation limited to the colon, while Crohn’s disease involves 

transmural, patchy inflammation across the gastrointestinal tract, often in the terminal ileum. In a healthy 

colon, intestinal epithelial cells (IECs) sustain a metabolic gradient with high oxidative phosphorylation 

(OXPHOS) at the crypt top, creating luminal hypoxia that favours butyrate-producing commensals (e.g., 

Bacillota), forming a symbiotic host-microbiota loop critical for barrier integrity. In IBD, mitochondrial 

dysfunction disrupts this balance via (1) aberrant fission/fusion dynamics, (2) damage to mitochondrial 

components (proteins, lipids, mtDNA), and (3) defective mitophagy, leading to mtROS accumulation and 

mtDNA release that drive inflammation. Impaired IEC OXPHOS shifts metabolism toward glycolysis, 

increasing luminal oxygen and expanding dysbiotic Proteobacteria. In Crohn’s disease, mitochondrial defects 

specifically impair intestinal stem cells and Paneth cells, exacerbating oxidative stress and microbial 

imbalance. Key abbreviations: AMPs (antimicrobial peptides), mtUPR (mitochondrial unfolded protein 

response), TA cell (transit-amplifying cell), Treg cell (regulatory T cell), CRC (colorectal cancer). This figure 

is adapted from Haque et. al. (19) 
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impairs tumour growth and induces G1 arrest in colorectal cancer cells(108). These findings indicate 

that disrupted mitochondrial fusion favours oncogenic transformation. 

Mitochondrial fission enhances pro-apoptotic signalling in response to stress and chemotherapy. DRP1 

activation increases mitochondrial ROS, which in turn triggers the release of cytochrome c and 

activation of caspase-9, leading to apoptosis(109). In gastric cancer cells, indomethacin-induced DRP1 

activation impairs mitochondrial integrity and induces apoptosis(55). Moreover, miR-148a-3p has been 

shown to sensitize gastric cancer cells to cisplatin by promoting mitochondrial fission and 

apoptosis(110). Similarly, mitochondrial membrane protein 18 (MTP18) enhances DRP1 accumulation, 

facilitating chemotherapeutic efficacy via apoptosis(111). Oxidative stress also modulates fusion 

proteins. Phosphorylation of MFN1 at atypical ERK sites increases mitochondrial membrane 

permeability, promotes BAK oligomerization, and accelerates cytochrome c release and apoptosis in 

cells(112). Thus, mitochondrial dynamics are tightly linked to the balance between survival and 

apoptosis in GI cancers, especially under therapeutic stress. Beyond proliferation and apoptosis, 

mitochondrial dynamics are integral to tumour cell migration and invasion. Excessive mitochondrial 

fission increases cytoskeletal remodelling, enhancing cell motility. In gastric cancer, EBV infection 

promotes DRP1 expression and mitochondrial fragmentation, activating the Notch signalling pathway 

and promoting metastasis(113). Overexpression of FIS1, another fission regulator, is associated with 

increased metastatic potential in colorectal cancer(114). Conversely, overexpression of MFN1/2 

reduces migratory capacity, induces apoptosis, and impedes PI3K-Akt pathway signalling in gastric 

cancer cells(115). Targeting mitochondrial dynamics has demonstrated therapeutic potential. For 

instance, azelastine inhibits the ARF1-IQGAP1-ERK-DRP1 axis, suppressing mitochondrial fission 

and colon tumour growth(116). Moreover, DRP1 knockdown in HCT116 cells reduces NF-κB activity 

and downregulates oncogenic targets like cyclin D1 and c-Myc, further implicating mitochondrial 

fission in colorectal tumorigenesis(117). Aberrant expression of mitochondrial dynamics regulators 

holds prognostic value. Elevated DRP1 levels are associated with cachexia and advanced-stage gastric 

cancer(118,119). OMA1, a protease that regulates OPA1 processing, is overexpressed in gastric tumours 

and correlates with poor survival outcomes(120). Reduced MFN2 expression is linked to higher TNM 

stage and poorer prognosis in colorectal and gastric cancer cohorts(121). Large-scale transcriptomic 

and proteomic datasets have further validated these associations. For instance, pan-cancer analyses link 

high Pink1 expression with reduced survival in breast cancer, while TFAM downregulation is associated 

with tumour progression in ovarian and head and neck cancers(122,123). Beyond tumour metabolism 

and dynamics, mitochondrial dysfunction also plays a crucial role in regulating intestinal stem cell (ISC) 

fate and colorectal cancer (CRC) initiation. Mutations in mitochondrial DNA (mtDNA) and loss of 

oxidative phosphorylation (OXPHOS) capacity have been observed in early-stage adenomas and aging 

colonic crypts, contributing to stem cell hyperproliferation and tumorigenesis(124,125). Reduced 

mitochondrial pyruvate carrier (MPC) expression and altered fatty acid oxidation (FAO) in ISCs further 

support metabolic reprogramming that favours tumour initiation(126,127). In advanced CRC, elevated 

mitochondrial biogenesis, mtDNA copy number, and increased reliance on OXPHOS have been 

associated with aggressive phenotypes, metastasis, and resistance to therapy(128). Mitochondrial 

metabolism also modulates stemness pathways such as Wnt/β-catenin and Notch Signaling, 

underscoring the central role of mitochondrial regulation in sustaining cancer cell proliferation, 

plasticity, and treatment evasion(129,130). Together, these findings reinforce the concept that 

mitochondrial plasticity is a key determinant of CRC initiation, progression, and therapeutic response. 

4.3. Mitochondrial dysfunction in the pathogenesis of peptic ulcer and stress-induced gastric injury 

Peptic ulcer disease (PUD) affects approximately 10% of the global population, manifesting as mucosal 

lesions that penetrate the submucosa or muscularis propria, with clinical presentations ranging from 
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asymptomatic to life-threatening(131,132). While excessive gastric acid was once believed to be the 

principal cause, current understanding highlights the central role of oxidative stress–induced 

mitochondrial dysfunction stemming from Helicobacter pylori infection, chronic NSAID use, and 

psychological stress(133,134). Helicobacter pylori infects nearly half the world’s population, with 

virulence factors like CagA and VacA initiating chronic inflammation in gastric epithelial cells. These 

factors elevate reactive oxygen species (ROS) production, triggering mitochondrial damage and 

compromising epithelial resilience(135). Host genetic polymorphisms in cytokine genes, notably IL-1β, 

further amplify this inflammatory cascade and susceptibility to ulcer formation(132). 

NSAIDs, particularly drugs like indomethacin, induce ulceration through both cyclooxygenase 

inhibition and direct mitochondrial toxicity. Indomethacin impairs mitochondrial electron transport 

chain (ETC) complex I, increasing electron leakage and mitochondrial ROS (mtROS), ultimately 

inducing apoptosis in both normal and cancerous gastric cells. Key to this damage is the activation of 

the PKC–p38 MAPK–DRP1 axis, which enhances DRP1-mediated mitochondrial fission. This shift in 

mitochondrial dynamics, marked by decreased OPA1 and mitofusin expression, leads to mitochondrial 

fragmentation, cristae disruption, and a bioenergetic crisis characterized by impaired fatty acid 

oxidation, reduced ETC activity, and ATP depletion(55). The fission inhibitor Mdivi-1 counteracts 

these effects by restoring mitochondrial integrity, preventing caspase activation, reducing 

inflammation, and protecting against mucosal injury. A recurring feature in PUD-affected gastric tissue 

is the Δ4977 mtDNA deletion, a biomarker of oxidative stress and mitochondrial dysfunction(136). Its 

presence underscores the impact of chronic ROS generation and insufficient DNA repair in ulcer 

pathology. Together, these findings reveal that mitochondrial hyper-fission and oxidative damage 

converge as central mechanisms in PUD pathogenesis, promoting epithelial apoptosis and undermining 

barrier integrity. Therapeutically, this suggests that interventions targeting mitochondrial dynamics, 

such as DRP1 inhibitors like Mdivi-1, hold promise for mucosal protection and ulcer healing(55). 

Importantly, psychological stress has emerged as a central, yet underrecognized, contributor to 

gastropathy, including stress-related mucosal disease (SRMD), particularly in critically ill or 

chronically stressed individuals. Experimental studies in rodent models have shown that psychological 

stress induces mitochondrial alterations in the gastric mucosa, including structural fragmentation, 

impaired energy production, and oxidative damage(137). In the context of escalating societal stress 

levels and associated stress-related disorders, the incidence of stress-induced gastric injury is projected 

to rise. These findings underscore the urgent need for mechanistic research to elucidate the precise role 

of mitochondrial dysfunction in SRMD development, which could reveal novel therapeutic targets for 

this clinically relevant condition.  

 

5. THE GUT MICROBIOME AND ITS IMPACT ON MITOCHONDRIAL FUNCTION 

The gut microbiota exerts a profound influence on host physiology by regulating mitochondrial 

metabolism, biogenesis, dynamics, and redox balance. By generating microbial metabolites, especially 

short-chain fatty acids (SCFAs) and bile acids (BAs), the microbiome engages in bidirectional 

communication with host mitochondria, impacting epithelial health, immune function, and systemic 

energy metabolism, as shown in Fig.5 (138,139). Short-chain fatty acids (SCFAs), including acetate, 

propionate, and butyrate, are produced through the fermentation of dietary fibres by commensal gut 

microbiota(140). Among these, butyrate serves as the principal energy substrate for colonocytes. 

Beyond bioenergetics, butyrate activates G-protein-coupled receptors (e.g., GPR41/43, GPR109a) and 

inhibits histone deacetylases (HDACs), influencing gene expression and promoting anti-inflammatory 

effects(141,142).  
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Butyrate also regulates mitochondrial function and dynamics(143). It preserves mitochondrial integrity 

in activated T cells, promotes mitochondria-mediated apoptosis in hyperactive immune cells, and 

downregulates glycolytic enzymes such as hexokinase 2 via HDAC8 in intestinal epithelial cells(144). 

Clinical translation of butyrate therapy in IBD has been limited due to formulation challenges and side 

effects, but its mechanistic relevance remains well supported. Bile acids (BAs), another microbiota-

modulated metabolite class, influence mitochondrial signalling through nuclear receptors like FXR and 

TGR5(145). Microbiota-driven conversion of primary to secondary BAs affects pathways governing 

oxidative phosphorylation, lipid metabolism, and mitochondrial biogenesis. Hydrophobic BAs such as 

deoxycholic acid disrupt mitochondrial membranes, induce ROS generation, and trigger apoptosis, 

mechanisms implicated in colorectal cancer(146). Microbial metabolites directly influence 

mitochondrial dynamics, particularly fusion-fission balance and mitophagy. Butyrate activates AMPK, 

which induces mitophagy and reduces oxidative stress in epithelial cells. SCFAs, BAs, and microbial-

derived ROS can modulate Drp1 activity, affecting mitochondrial morphology and promoting or 

inhibiting fission under different conditions(147,148). Drp1 inhibition has been shown to confer 

neuroprotection and restore microbial balance in disease models. mtDNA variants also affect host-

microbiota interactions. Specific mitochondrial haplotypes influence gut microbial diversity by altering 

redox signalling and ROS production(149). These findings underscore a genetically mediated feedback 

loop between mitochondrial function and microbial ecology. Mitochondria play a central role in 

maintaining the rapid turnover of the intestinal epithelium. Lgr5+ intestinal stem cells (ISCs) at the crypt 

base rely on oxidative phosphorylation to support self-renewal and lineage commitment. Paneth cells 

contribute to this metabolic niche by supplying lactate from glycolysis, which ISCs utilize via 

mitochondrial respiration(150). Mitochondrial dysfunction in ISCs due to loss of key chaperones like 

HSP60 or elevated mtROS impairs proliferation and stemness, effects that are reversible by antioxidant 

Fig. 5. The model of balance or imbalance interaction between mitochondria and gut microbiota. This figure 

is adapted from Zhang et. al. (139) 
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therapy(151). Microbiota-driven mitochondrial regulation extends beyond the gut, affecting systemic 

immune function, metabolism, and neurological health. Propionic acid supplementation has improved 

Treg stability and mitochondrial respiration in multiple sclerosis patients, illustrating the 

immunometabolic potential of microbial SCFAs(152). In neurodegenerative models, microbiota-

induced mitochondrial autophagy defects contribute to diseases such as Parkinson’s(153). Gut dysbiosis 

alters mitochondrial morphology and ROS production in metabolic conditions like diabetes and 

NAFLD, linking microbial imbalance to mitochondrial dysfunction(154,155). Additionally, microbial 

metabolites such as trimethylamine and SCFAs modulate mitochondrial DNA (mtDNA) integrity and 

autophagy in vascular inflammation and atherosclerosis(156). Collectively, these findings underscore 

mitochondria as integrative hubs for interpreting microbial signals across diverse tissues. Decoding this 

crosstalk opens up new possibilities for targeted therapies in inflammatory and metabolic diseases. 

 

6. MITOCHONDRIAL METABOLITES AND THEIR ROLE IN GUT PHYSIOLOGY AND 

PATHOLOGY 

Mitochondria generate a range of metabolites that not only fuel bioenergetic processes but also serve as 

critical regulators of gut homeostasis, immune signalling, epithelial regeneration, and inflammation. 

These include ATP, reactive oxygen species (ROS), NAD⁺-dependent sirtuin effectors, and 

mitochondrial damage-associated molecular patterns (mtDAMPs). Their roles extend from maintaining 

gut barrier integrity to shaping host–microbiota interactions and modulating disease pathways.  

6.1. ATP and gut barrier integrity 

ATP, predominantly produced through mitochondrial oxidative phosphorylation (OXPHOS), is 

essential for maintaining the structural and functional integrity of the intestinal epithelium. Tight 

junction proteins, such as occludin, claudins, and ZO-1, require ATP for proper assembly and function, 

with energy deficits linked to increased epithelial permeability and "leaky gut" phenomena(157,158). 

AMP-activated protein kinase (AMPK), a metabolic sensor triggered by low ATP levels, reinforces 

barrier function by enhancing autophagy, suppressing mTOR signalling, and stabilizing apicobasal 

polarity through adherens junction interactions(159-161). Disruption of mitochondrial ATP synthesis 

also impairs intestinal stem cell (ISC) renewal and reduces expression of Lgr5 and Olfm4, undermining 

mucosal repair without directly triggering apoptosis. Furthermore, microbial metabolites such as 

butyrate, a key energy source for colonocytes, feed directly into the TCA cycle, supporting 

mitochondrial respiration and reducing ROS production via UCP2 upregulation(162). Loss of SCFA-

producing bacteria leads to metabolic reprogramming in colonocytes, luminal oxygenation, and 

dysbiosis, exacerbating barrier dysfunction. Mitochondria-derived ATP also acts as a danger-associated 

molecular pattern (DAMP), signalling via purinergic receptors (P2X/P2Y) to activate mast cells, 

macrophages, and dendritic cells, thereby initiating inflammation(163). Excessive mitochondrial ROS 

and nitric oxide (NO) contribute further to tight junction destabilization and promote pathogen 

overgrowth, including Salmonella and Vibrio species(164,165). 

 6.2. Reactive oxygen species (ROS): Signalling and stress 

Reactive oxygen species (ROS) serve a paradoxical role in gut physiology, acting both as essential 

signalling molecules and as mediators of oxidative damage. At low-to-moderate levels, ROS, produced 

primarily by mitochondria and NADPH oxidases, facilitate critical cellular functions such as intestinal 

stem cell (ISC) proliferation, differentiation, and epithelial regeneration by modulating pathways 

including Wnt, Notch, and EGFR. However, under pathological conditions such as mitochondrial 
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oxidative stress (MOS), excessive ROS accumulation disrupts redox homeostasis and impairs vital 

mitochondrial components like iron-sulfur clusters, leading to compromised electron transport chain 

(ETC) function, lipid peroxidation, and activation of pro-inflammatory cascades through NF-κB and 

the unfolded protein response (UPR)(166,167). In the gastrointestinal tract, MOS is a key driver of 

diseases like inflammatory bowel disease (IBD) and NSAID-induced mucosal injury, where 

mitochondrial dysfunction, exacerbated by microbial dysbiosis and environmental stressors, triggers 

epithelial damage and barrier breakdown. NSAIDs, for instance, inhibit ETC complex I, enhancing 

ROS production and promoting epithelial apoptosis independent of their cyclooxygenase-inhibitory 

effects(168). The synergistic crosstalk between mitochondrial ROS and endoplasmic reticulum (ER) 

stress further amplifies mucosal injury and inflammation. Although endogenous antioxidant systems 

such as superoxide dismutases, glutathione peroxidases, and peroxiredoxins work to neutralize ROS, 

these defences are frequently overwhelmed in chronic inflammatory states. The NRF2/HO-1 axis 

provides a compensatory response by upregulating antioxidant and iron-regulating genes, thereby 

mitigating ferroptosis and limiting inflammatory damage(169). Altogether, mitochondrial redox 

imbalance constitutes a central mechanism linking environmental stress, immune activation, and 

epithelial dysfunction in gut pathophysiology. 

6.3. NAD⁺/Sirtuin axis and mitochondrial resilience 

Sirtuins (SIRT1–7), NAD⁺-dependent deacetylases, orchestrate mitochondrial function, chromatin 

remodelling, and inflammatory resolution(170). In the gut, SIRT1 improves barrier integrity and 

suppresses inflammatory cytokine expression(171). Their activity hinges on intracellular NAD⁺ levels, 

which are shaped by host metabolism and microbial-derived precursors such as nicotinamide, 

tryptophan, and aspartate(171,172). The gut microbiota modulates NAD⁺ metabolism, not only by 

contributing to precursor synthesis but also by regulating CD38, a key NAD⁺-consuming enzyme. CD38 

upregulation by LPS contributes to age-related NAD⁺ decline and systemic inflammation(173). NAD⁺-

boosting therapies with NMN or NR improve mitochondrial health and GLP-1 production, though 

microbial degradation may limit efficacy. Caloric restriction and cold exposure enhance SIRT1-

mediated deacetylation of transcription factors such as PGC-1α and FOXO, promoting mitochondrial 

biogenesis and lipid oxidation(174). Thus, the NAD⁺/SIRT axis integrates microbial, dietary, and 

mitochondrial signals to uphold gut homeostasis and systemic energy balance. 

6.4. mtDAMPs and inflammation 

Mitochondrial dysfunction, often induced by reactive oxygen species (ROS), membrane depolarization, 

or metabolic stress, leads to the release of mitochondrial constituents such as mitochondrial DNA 

(mtDNA), ROS, and cardiolipin. These elements function as mitochondria-derived damage-associated 

molecular patterns (mtDAMPs), which initiate inflammatory cascades through the activation of pattern 

recognition receptors, including Toll-like receptor 9 (TLR9), the NLRP3 inflammasome, and the cyclic 

GMP-AMP synthase-stimulator of interferon genes (cGAS-STING) pathway(175,176). Activation of 

these receptors ultimately leads to the stimulation of nuclear factor-κB (NF-κB) and interferon 

regulatory factors (IRFs), thereby promoting pro-inflammatory signalling(175). In the context of 

inflammatory bowel disease (IBD), both ulcerative colitis (UC) and Crohn's disease (CD) are 

characterized by increased release of mtDAMPs from epithelial and immune cells, particularly under 

conditions of mitochondrial injury(177). This release contributes to enhanced inflammasome activation, 

predominantly mediated by oxidized mtDNA-triggered NLRP3 signalling. The interplay of ROS with 

reactive nitrogen species (RNS), especially peroxynitrite generated via inducible nitric oxide synthase 

(iNOS), exacerbates mitochondrial respiratory dysfunction and aggravates mucosal damage(178,179). 

Among the mtDAMPs, mtDNA has emerged as a pivotal inflammatory mediator in IBD, as shown in 
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Fig.6 (177). Circulating mtDNA levels are significantly elevated in individuals with UC and CD and 

positively correlate with clinical severity, blood biomarkers, and endoscopic findings(180). Enhanced 

mitochondrial damage and increased faecal mtDNA concentrations have been observed in inflamed 

colonic tissues, indicating that damaged intestinal mucosa constitutes a primary source of mtDNA 

release. Experimental models, including dextran sulphate sodium (DSS)-induced colitis, have 

demonstrated that plasma mtDNA levels surge during acute inflammation and are associated with 

severe disease phenotypes(181). Mechanistically, mtDNA activates multiple innate immune pathways. 

TLR9, abundantly expressed in the intestinal mucosa, recognizes mtDNA and mediates inflammatory 

responses(182). Genetic ablation of TLR9 confers protection against colitis, underlining its critical role 

in mtDNA-induced inflammation. Furthermore, mtDNA acts as a potent activator of the NLRP3 

inflammasome, facilitating the maturation and secretion of interleukin-1β (IL-1β)(183). Elevated 

NLRP3 and IL-1β expression have been documented in inflamed intestinal tissues, and experimental 

mtDNA administration in DSS-treated wild-type mice amplifies disease severity, reinforcing the 

contribution of mitochondrial dysfunction to inflammasome-driven pathology(184).  

 

 

Ferroptosis, an iron-dependent form of cell death driven by mitochondrial lipid peroxidation, is 

increasingly implicated in GI inflammation(185). Markers such as ACSL4 and reduced GPX4 activity 

are elevated in UC and DSS-colitis models. Activation of the NRF2/HO-1 pathway provides protection 

by limiting iron toxicity and ROS accumulation(186). mtDAMPs are not confined to intracellular 

compartments. Through mitochondrial-derived vesicles (MDVs) and MPT pores, mtDNA is released 

into circulation, activating systemic inflammatory responses via TLR9 and cGAS–STING(187,188). 

This links localized mitochondrial dysfunction to systemic immune activation and disease progression. 

 

Fig. 6. mtDNA-mediated IBD through different pathways. This figure is adapted from Sui et. al. (177) 
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7. MITOCHONDRIA AND GUT BARRIER FUNCTION 

The intestinal mucosal barrier is a complex, multi-layered defence system comprising the mucus layer, 

intestinal epithelium, and mucosal immune system. This barrier maintains a delicate balance between 

allowing the absorption of nutrients and protecting the host from luminal antigens, pathogens, and 

microbial metabolites. Disruption of this barrier, commonly referred to as "leaky gut" is implicated in 

a range of gastrointestinal (GI) and systemic diseases(189). Recent advances underscore the critical role 

of mitochondria as regulators of gut barrier function, linking energy metabolism, redox signalling, and 

epithelial cell fate decisions to barrier integrity. 

7.1. Mitochondrial regulation of tight junction integrity 

Tight junctions (TJs), composed of claudins, occludins, and junctional adhesion molecules (JAMs), 

regulate paracellular permeability and are anchored to the actin cytoskeleton via scaffolding proteins 

like ZO-1(190). Their integrity is tightly modulated by intracellular energy status and oxidative stress. 

Mitochondria, as cellular powerhouses, provide the ATP necessary for the assembly and maintenance 

of TJ complexes and epithelial renewal(191). Mitochondrial dysfunction impairs ATP production and 

elevates mitochondrial ROS (mtROS), which activates myosin light chain kinase (MLCK), leading to 

cytoskeletal contraction and TJ disruption(192). In pathological conditions such as IBD or exposure to 

mycotoxins (e.g., DON, aflatoxin B1), mitochondrial fragmentation and membrane depolarization 

contribute to the release of pro-apoptotic factors and compromise TJ protein expression(193). These 

alterations enhance intestinal permeability and microbial translocation, triggering inflammation. In 

experimental colitis models, antioxidants and mitochondrial protectants (e.g., mitoTEMPO, NAC) 

restore TJ integrity by suppressing mtROS and stabilizing ZO-1 and occludin(194). Moreover, the 

mitochondrial-endothelial interface, particularly the glycocalyx composed of proteoglycans like 

syndecan-1, is also vulnerable to ROS-mediated degradation(195). Heparanase-driven cleavage of 

glycocalyx components exacerbates vascular permeability and mucosal injury in inflammatory states. 

7.2. Mitochondria in intestinal permeability and leaky gut syndrome 

Mitochondria play a sentinel role in modulating intestinal permeability under both homeostatic and 

stress conditions. They regulate cell death pathways, redox balance, and immune signalling, all of which 

influence epithelial barrier integrity. In IBD and mucosal injury, mitochondrial dysfunction precedes 

epithelial damage, highlighting its upstream role in pathogenesis. Structural changes such as cristae loss 

and decreased mitochondrial membrane potential impair OXPHOS and escalate oxidative stress, 

promoting TJ disassembly(196). Defective mitophagy, particularly in ATG16L1-deficient mice, leads 

to the accumulation of dysfunctional mitochondria and triggers necroptosis in intestinal epithelial cells. 

This mitochondrial burden exacerbates inflammation and compromises mucosal defences. Conversely, 

mitochondrial quality control, via mitophagy and biogenesis, has emerged as a key determinant of 

barrier preservation. Microbiota-derived metabolites such as butyrate and indole derivatives reinforce 

mitochondrial function and barrier integrity by activating AMPK and the aryl hydrocarbon receptor 

(AhR), respectively(197). Vitamin D signaling through the VDR also contributes to mitochondrial 

fitness and TJ protein expression, with VDR deficiency linked to increased gut permeability(198,199). 

In this context, mitochondria serve as both effectors and sensors of barrier disruption. Their dynamic 

responses to stress, immune activation, and microbial cues make them central to the pathophysiology 

of leaky gut and a promising therapeutic target. 
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7.3. Dietary regulation of mitochondrial function and barrier integrity 

Dietary composition exerts profound effects on both mitochondrial health and intestinal permeability. 

Nutrients and bioactives modulate mitochondrial biogenesis, antioxidant defenses, and microbiota 

composition, all of which converge on barrier function. Fermented dairy products, such as yogurt and 

kefir, contain probiotic strains (e.g., Lactobacillus plantarum) that enhance the expression of TJ 

proteins (ZO-1, occludin, claudin-1) and decrease serum zonulin, a marker of TJ disassembly(200). 

These effects are mediated via microbial SCFAs and immune modulation. Polyphenols, especially 

flavonoids such as quercetin and kaempferol, contribute significantly to intestinal health(201). These 

compounds are abundant in fruits, vegetables, tea, and wine and exhibit potent antioxidant, anti-

inflammatory, and mitochondrial-enhancing properties.  

Quercetin, a flavonoid abundant in many fruits and vegetables, has been shown to reinforce intestinal 

barrier integrity by modulating tight junction (TJ) protein expression. In Caco-2 intestinal epithelial 

cells, quercetin promotes the assembly of TJ components such as ZO-2, occludin, and claudin-1, 

resulting in enhanced transepithelial electrical resistance (TER), a reliable indicator of barrier 

function(202). These effects have also been observed in vivo, where quercetin administration in pigs 

led to increased expression of occludin and ZO-1, alongside a reduction in endotoxemia, suggesting 

systemic anti-inflammatory benefits(203). Similarly, kaempferol, another dietary flavonoid, improves 

intestinal barrier integrity by enhancing TER and facilitating the localization of occludin and claudin-3 

in epithelial cells(204). These actions are not only barrier-stabilizing but also anti-inflammatory and 

antioxidative. Quercetin and kaempferol, exert gut-protective effects through three primary 

mechanisms: (i) upregulation of TJ proteins, (ii) suppression of pro-inflammatory cytokine production 

(e.g., IL-6, TNF-α), and (iii) enhancement of endogenous antioxidant defences via Nrf2-mediated 

pathways. Additionally, sulforaphane, a naturally occurring isothiocyanate found in cruciferous 

vegetables like broccoli activates the Nrf2-Keap1 signalling axis, boosting the transcription of 

antioxidant enzymes including SOD, catalase, and glutathione peroxidase(205). This not only protects 

the mucosal epithelium against oxidative injury but also modulates gut microbial composition, 

favouring the maintenance of an eubiotic state.Conversely, high-fat diets (HFDs) disrupt mitochondrial 

function, promote ROS generation, and downregulate TJ protein expression. Faecal transplants from 

HFD-fed mice replicate barrier dysfunction in germ-free animals, implicating microbiota-induced 

mitochondrial stress in barrier pathology(206). Moreover, caloric restriction (CR) and CR mimetics 

such as polyphenols and NAD⁺ precursors (e.g., NR, NMN) promote mitochondrial resilience by 

activating SIRT1/AMPK-PGC1α pathways and barrier restoration(207). In conclusion, mitochondria 

serve as key regulators of gut barrier function by integrating metabolic, oxidative, microbial, and 

immune signals. Their dysfunction not only precedes epithelial injury but actively drives the 

pathogenesis of barrier-related disorders.  

 

8. THERAPEUTIC APPROACHES TARGETING MITOCHONDRIA FOR GUT HEALTH 

Mitochondria are increasingly recognized as critical regulators of gastrointestinal (GI) homeostasis, 

with emerging data highlighting the therapeutic potential of targeting mitochondrial dysfunction in the 

context of gut pathologies. Given the central role of mitochondria in energy metabolism, redox balance, 

and apoptosis, strategies that preserve or restore mitochondrial function offer promising avenues for 

preventing and treating gut-related diseases. In this section, key mitochondria-targeted therapies, 

including mitochondrial antioxidants, probiotics, and small-molecule modulators, are discussed. 
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8.1. Mitochondrially-targeted antioxidants 

Mitochondria possess a unique electrochemical gradient, characterized by a highly negative membrane 

potential across the inner mitochondrial membrane, which facilitates the selective accumulation of 

positively charged, lipophilic compounds. This property has been exploited to deliver therapeutic agents 

directly into mitochondria using triphenylphosphonium (TPP+) cation conjugation(208). Among the 

earliest mitochondria-targeted antioxidants was MitoQ, a ubiquinone derivative linked to TPP+, capable 

of being recycled by the electron transport chain (ETC) to its active form after neutralizing reactive 

oxygen species (ROS). Other compounds, such as SkQ1, a plastoquinone-conjugated antioxidant, have 

demonstrated robust efficacy in preclinical models of cardiovascular, renal, and ocular diseases(209). 

MitoQ has also shown promise in clinical trials for Parkinson’s disease and liver pathologies. Despite 

these advances, the use of TPP-conjugated compounds poses challenges, including off-target effects, 

membrane destabilization, and disruption of mitochondrial calcium homeostasis due to excessive 

accumulation. Furthermore, certain TPP-linked antioxidants, such as Mito-Resveratrol and Mito-

Curcumin, have paradoxically demonstrated pro-oxidant effects and mitochondrial toxicity in vitro, 

underlining the need for meticulous safety evaluation(209). To address these limitations, second-

generation molecules with shorter alkyl linkers, such as MitoTEMPO (a nitroxide-based superoxide 

scavenger), have been developed. MitoTEMPO has shown significant protective effects in rodent 

models of NSAID-induced gastropathy and intestinal barrier dysfunction in inflammatory bowel 

disease (IBD) (210,211). 

8.2. Natural antioxidants and phytochemicals with mitochondrial activity 

Natural polyphenols such as resveratrol, curcumin, quercetin, and epigallocatechin-3-gallate are known 

to confer cytoprotection via modulation of mitochondrial pathways(209,212). While these compounds 

are not intrinsically mitochondriotropic, their antioxidant and anti-inflammatory effects often converge 

on mitochondrial protection. For example, curcumin has demonstrated efficacy in clinical trials for 

ulcerative colitis (ClinicalTrials.gov Identifier: NCT03122613), while other polyphenols such as gallic 

acid and caffeic acid exhibit metal-chelating and chain-breaking antioxidant activity. Novel derivatives 

such as AntiOxBENs and AntiOxCINs, created by conjugating TPP+ to hydroxybenzoic and 

hydroxycinnamic acids, respectively, have shown encouraging antioxidant effects, although their roles 

in gastrointestinal protection remain to be fully elucidated(209,213). 

8.3. Modulators of mitochondrial dynamics  

In addition to antioxidant strategies, targeting mitochondrial dynamics-specifically the balance of 

fission and fusion, offers a novel therapeutic modality. Excessive mitochondrial fission is a hallmark of 

epithelial injury in GI disorders. Small-molecule inhibitors such as Mdivi-1, which block the GTPase 

activity of DRP1, have demonstrated protective effects in models of NSAID-induced and stress-induced 

gastropathy(55). Despite promising outcomes, Mdivi-1 has been reported to possess non-specific 

effects, including inhibition of ETC complex I and induction of mitochondrial 

hyperpolarization(214,215). Thus, while modulation of mitochondrial morphology presents a 

compelling therapeutic target, the associated risks necessitate further refinement and specificity in drug 

design. 

8.4. Efficacy and safety considerations 

The clinical translation of mitochondria-targeted therapies hinges upon resolving several critical 

challenges: (1) ensuring specificity and bioavailability, (2) minimizing off-target effects, and (3) 

preserving physiological ROS signalling. It is imperative to acknowledge that excessive scavenging of 
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ROS may disrupt essential redox signalling pathways, while prolonged suppression of mitochondrial 

fission may impair mitophagy and promote mitochondrial dysfunction. Moreover, long alkyl linkers 

used in TPP+ conjugation can exacerbate toxicity by compromising mitochondrial membrane integrity. 

The rational design of next-generation MTAs must prioritize shorter linkers and implement controlled-

release scaffolds to mitigate these effects(208). Combinatorial strategies involving iron chelators such 

as tiron, which possess dual antioxidant and metal-chelating properties, have also shown superiority 

over MitoQ in certain oxidative stress models, offering protection against both mitochondrial and 

nuclear DNA damage(216). These findings support the integration of metal homeostasis modulators 

into mitochondrial-targeted interventions. 

 

9. CONCLUSION 

While significant progress has been made in delineating the central role of mitochondria in 

gastrointestinal physiology, the precise molecular underpinnings of mitochondrial dysfunction in stress-

induced gastric mucosal injury remain inadequately understood. Future research must prioritize the 

comprehensive mapping of mitochondrial perturbations across spatial and temporal scales, particularly 

under acute and chronic psychological stress. High-resolution approaches such as high-depth 

transcriptomic profiling and untargeted metabolomics are essential to capture global changes in gene 

expression and metabolic flux during disease onset and progression. Focused exploration of the 

modulation of key mitochondrial regulators, such as PGC-1α, TFAM, and other mitochondrial 

regulatory proteins, during stress exposure, particularly to corticosterone signalling, is essential. Key 

gaps remain in defining how mitochondrial processes are regulated in a cell-specific and region-

dependent manner along the gastrointestinal tract. The heterogeneity of mitochondrial responses, 

ranging from hyper-fission and membrane depolarization to inefficient mitophagy, under different stress 

paradigms demands systematic investigation using advanced in vivo models and single-cell approaches. 

Following this comprehensive literature review, we hypothesize that mitochondrial dysfunction plays a 

central role in mediating stress-induced gastric mucosal injury. The subsequent experimental chapter is 

dedicated to investigating this hypothesis, to delineate the molecular mechanisms through which acute 

mental stress disrupts mitochondrial homeostasis and contributes to gastropathology. This exploration 

aims to establish a mechanistic foundation for the development of mitochondria-targeted therapeutic 

strategies in the context of stress-related gastric injury.  
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1.  INTRODUCTION 

Mental and gastric health are deeply interconnected through the gut-brain axis, a complex bidirectional 

communication system regulated by millions of nerves and biochemical signals. Psychological stress 

has been linked to various gastrointestinal disorders, including peptic ulcers. Stress-induced gastric 

mucosal damage is frequently observed in critically ill patients requiring mechanical ventilation, 

individuals with septic shock, and those suffering from severe burns covering more than 35% of their 

body surface area (1). Emerging evidence suggests that acute psychological stress plays a critical role 

in the pathophysiology of various gastrointestinal disorders, including peptic ulcers and inflammatory 

bowel disease (IBD) (2-5). The impact of stress on the gastrointestinal system extends beyond 

functional disturbances, often leading to structural damage such as stress-related mucosal disease 

(SRMD) and gastric ulcers  (6,7). One of the most striking demonstrations of this relationship comes 

from natural disasters, which expose individuals to extreme psychological distress. Studies conducted 

after the Great East Japan Earthquake (2011) and the Hanshin-Awaji Earthquake (1995) have 

highlighted a significant increase in the incidence of stress-induced gastric ulcers and IBD 

exacerbations among affected populations (8-10). A retrospective cohort study found that ulcerative 

colitis (UC) patients experienced nearly twice the relapse rate after the earthquake compared to the 

same period the previous year. In contrast, Crohn’s disease (CD) remained largely unaffected. These 

findings emphasize the differential impact of stress on the gastrointestinal tract, with UC being more 

stress-sensitive than CD (10). A Danish study tracking 3,379 adults over 11–12 years found that 

individuals with high stress scores had a significantly higher ulcer incidence (3.5% vs. 1.6%, P < .01) 

(10). Stress remained an independent ulcer risk factor, even after adjusting for H. pylori, alcohol use, 

sleep patterns, and NSAID use (11). Beyond its epidemiological significance, psychological stress is 

increasingly recognized as a key contributor to gastric mucosal injury at the cellular level. In this study, 

a representative animal model of acute mental stress was used (12). It was observed that cold-restraint 

stress in rats caused severe impairment of mitochondrial biogenesis, leading to a bioenergetic crisis in 

gastric mucosal tissues. This impairment arises from the disruption of mitochondrial biogenesis, 

compounded by stress-induced elevation of serum corticosterone levels. Specifically, stress-mediated 

proteasomal degradation of PGC-1α, coupled with dysregulated fatty acid metabolism and electron 

transport chain (ETC) dysfunction, results in mitochondrial impairment, oxidative stress, and 

compromised energy homeostasis.  

In this rat model of SRMD, cold-restraint stress triggered significant mitochondrial dysfunction, 

characterized by downregulation of mitochondria-encoded ETC genes, reflecting bioenergetic failure. 

Interestingly, while PGC-1α gene expression paradoxically increased, its protein levels declined, 

probably due to ubiquitination-mediated degradation. Furthermore, the main transcriptional regulator 

NRF1, the direct target of PGC-1α, was significantly downregulated at both gene and protein levels, 

leading to a substantial reduction in TFAM, a critical factor for mitochondrial DNA replication and 

transcription (13,14). Mechanistic study further revealed that stress-induced elevation of serum 

corticosterone activates the glucocorticoid receptor (GR), facilitating its translocation to the nucleus 

and initiating transcriptional reprogramming that enhances ubiquitin-mediated proteasomal 

degradation, thereby contributing to mitochondrial dysfunction. Notably, this study is the first to 

identify and elucidate the activation of the GR–KLF15–FBXO32 signalling axis in stress-induced 

gastric injury. It was demonstrated that acute psychological stress impairs the electron transport chain 

(ETC) within gastric mucosal cells, resulting in electron leakage and excessive production of reactive 

oxygen species (ROS). This oxidative milieu, in synergy with GR activation, induces the upregulation 

of KLF15 and FBXO32, accelerating the proteasomal degradation of essential mitochondrial regulatory 

proteins and ultimately compromising mitochondrial biogenesis and function. To counteract this, three 
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mechanistically distinct therapeutic strategies were employed. First, pre-treatment with quercetin-3-

glucoside (Q3G), a natural antioxidant polyphenolic derivative, preserved mitochondrial gene 

expression, reduced oxidative stress, and stabilized mitochondrial biogenesis regulators such as PGC-

1α and TFAM. Second, olanzapine, an antipsychotic agent, attenuated systemic corticosterone elevation 

and downregulated GR-responsive catabolic genes, partially restoring mitochondrial bioenergetics. 

Third, RU486, a competitive GR antagonist, most effectively blocked GR-mediated transcriptional 

activation of the KLF15–FBXO32 pathway, resulting in preserved mitochondrial integrity and ATP 

production despite elevated corticosterone levels. These findings underscore the central role of ETC 

dysfunction and GR-driven proteostatic imbalance in the pathogenesis of stress-induced mitochondrial 

injury. Targeting these mechanisms, either by inhibiting GR signaling, modulating central stress 

perception, or enhancing antioxidant defences, offers a multifaceted and promising therapeutic strategy. 

Collectively, the protective effects of RU486, olanzapine, and Q3G highlight the potential of 

mitochondria-targeted interventions in mitigating acute stress-induced gastric pathology and lay the 

groundwork for future therapies aimed at preserving gastric mucosal health under psychological stress. 

 

2. MATERIALS AND METHODS 

2.1. Materials 

Sodium azide, fatty acid-free BSA, quercetin 3-glucoside, RU486, along with HRP-conjugated 

secondary antibodies targeting rabbit and mouse, were obtained from Sigma (St. Louis, MO, USA). The 

TRIzol, RevertAid H Minus First Strand cDNA Synthesis kit, PureLink RNA Mini Kit, Nuclease-free 

water, PCR Master Mix, PBS (HyClone), Alexa Fluor 647 antibody, and Hoechst 33342 were procured 

from Thermo Fisher Scientific (Waltham, MA, USA). Mitochondria Isolation Kit was procured from 

BioChain. 5,5,’6,6’-tetrachloro1,1’,3,3’-tetraethylbenzimidazol-carbocyanine iodide (JC-1) was 

procured from Invitrogen. Protease inhibitor cocktail (Set V) was purchased from Calbiochem. 

Sulfosalicylic acid was obtained from SRL (Mumbai, India). Fatty acid oxidation enzyme activity assay 

kits (Catalogue No E-141L and E-141M) were procured from the Biomedical Research Service Center, 

State University of New York (Buffalo, NY). Serum corticosterone ELISA kit was procured from 

Abcam (Boston, MA, USA). Luminata Forte HRP substrate, for ECL-based chemiluminescence, was 

obtained from Mark-Millipore. Nitrocellulose transfer membrane (BioTrace NT) was purchased from 

Pall Corporation (Port Washington, NY, USA). All additional reagents used were of analytical grade 

quality.  

2.2. Animal model of stress-induced gastric mucosal damage and pharmacological interventions 

All in vivo experiments were conducted in strict compliance with the guidelines of the Institutional 

Animal Ethics Committee (IAEC) of CSIR-IICB, which is registered under CPCSEA, India (Permit 

Number: 147/1999/CPCSEA). Every effort was made to ensure humane treatment of the animals and 

to minimize discomfort, distress, or pain during all stages of experimental handling. Sprague-Dawley 

rats weighing between 200-250 g were maintained under standardized environmental conditions 

(24 ± 2 °C, 12-hour light/dark cycle) with unrestricted access to water.  To eliminate dietary influences 

on gastric acid secretion and mucosal sensitivity, animals were fasted for 24 hours prior to 

experimentation. Acute gastric mucosal injury was induced using a cold-restraint stress (CRS) model, 

in which rats were immobilized in a dorsal supine position on a wooden platform under light ether 

anaesthesia and exposed to a cold environment (4 ± 1 °C) for 3.5 hours, as previously described(12,15). 

Age-matched, fasted control animals were maintained at room temperature in normothermic, non-

stressed conditions for the same duration. Pharmacological agents were administered according to 
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established protocols. Quercetin-3-glucoside (10 mg/kg, b.w.) was administered intraperitoneally 60 

minutes before CRS exposure, with this dose previously identified in this study as optimal based on 

dose–response analysis. RU486 (20 mg/kg body weight), suspended in 0.5% carboxymethyl cellulose 

(CMC) with 0.05% Tween-20, was administered via oral gavage 40 minutes before stress induction. 

Olanzapine (10 mg/kg, b.w.) was administered by intraperitoneal injection in sterile 0.9% saline, one 

hour before stress exposure.  The dosages of the aforementioned molecules were determined based on 

previous studies (16,17). Appropriate vehicle controls were included to account for potential solvent 

effects. Each experimental group included five rats (n = 5). Gastric mucosal injury was evaluated by 

calculating the Injury Index (II), defined as the percentage of mucosal surface area exhibiting lesions 

such as haemorrhagic erosions, blood clots, and hyperaemia, scored in a blinded manner to prevent 

observer bias, as described earlier (18). Tissues intended for gene expression analysis were preserved 

in RNAlater (Sigma-Aldrich), whereas those designated for metabolomic and protein analyses were 

rapidly snap-frozen in liquid nitrogen. Mitochondrial fractions were subsequently isolated using a 

commercial mitochondria isolation kit, as described in the corresponding methods section below. 

2.3. Histological evaluation of gastric mucosa 

Gastric mucosal tissues were fixed in 10% neutral-buffered formalin, followed by paraffin embedding. 

Semi-thin sections measuring 5 μm were prepared using a microtome and mounted onto glass slides. 

Xylene was used for the deparaffinization of these sections, and then rehydrated through a graded 

ethanol series, and stained with hematoxylin and eosin (H&E) to assess cellular and tissue architecture. 

Histopathological evaluation was conducted using a Leica DM-2500 light microscope (Leica 

Microsystems, Wetzlar, Germany), enabling detailed visualization of morphological changes across the 

experimental groups. 

2.4. Next-generation sequencing-based transcriptomic analysis 

Transcriptomic analysis was performed through total RNA sequencing using the TruSeq Stranded Total 

RNA Library Preparation Kit (Illumina). Total RNA was isolated from approximately 45 mg of tissue 

using the PureLink RNA Mini Kit (Thermo Fisher Scientific), adhering strictly to the manufacturer's 

protocols. The quality and concentration of RNA were evaluated using the NanoDrop 2000 

spectrophotometer (Thermo Fisher Scientific) and the Agilent 2100 Bioanalyzer. Only RNA samples 

with an RNA Integrity Number (RIN) ≥ 7.0 were included in the library preparation. For each sample, 

200 ng of high-quality RNA was processed through ribosomal RNA depletion using the Ribo-Zero 

Human/Mouse/Rat module. The remaining RNA was fragmented by divalent cation treatment, purified, 

and then used for first-strand cDNA synthesis, A-tailing, and ligation of dual-index adapters. The 

libraries were subsequently purified, amplified via PCR, and quality-checked using the Agilent 2200 

TapeStation (Agilent Technologies). Following quantification and normalization, the libraries were 

pooled at equimolar concentrations and sequenced using paired-end reads (100 bp) on the Illumina 

NovaSeq 6000 platform. The raw output Bcl files were converted to Fastq format and assessed for 

quality using FastQC v0.11.7 (19). Adapter sequences were trimmed using Cutadapt v1.16 (20). High-

quality reads were aligned to the Rat Rnor6 reference genome using Hisat2 v2.1.0 (21), and the resulting 

BAM files were sorted with SAMtools v1.19 (22). Read counts were obtained using FeatureCounts 

(23), and differential gene expression analysis was conducted using DESeq2 (24). Genes with a fold-

change ≥1.5 or ≤1.5, P-value ≤ 0.05, and false discovery rate (FDR) ≤ 0.05 were considered 

differentially expressed (DEGs). For rat gastric mucosal samples, an additional filtering criterion (≥1.2 

or ≤1.2 fold-change, P-value ≤ 0.05, and FDR ≤ 0.05) was applied to specifically identify genes 

implicated in mitochondrial metabolism and function. Enrichment and pathway analyses of the DEGs 

were performed using Ingenuity Pathway Analysis (IPA). The transcriptomic data generated from rat 
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samples have been submitted to the Gene Expression Omnibus (GEO) with the accession number 

GSE299825. 

2.5. LC-MS-based metabolomics 

The tissue sample was frozen with liquid nitrogen and pulverized using a mortar and pestle. 10 ml of 

acetonitrile (90%) was added to the powdered tissue and incubated on a gel rocker for 2-3 hours at room 

temperature. The sample was then centrifuged at 12,000 g for 20 minutes at 4 °C. To the supernatant, 3 

volumes of chilled methanol were added, mixed well by inversion, and then incubated at -20 °C for 2 

hours. The sample was centrifuged at 4 °C for 20 min at 12000g, and the supernatant was collected. 

The collected supernatant was dried under Speed Vac and redissolved with 0.1% formic acid in 

methanol/water (80:20 v/v) solution. For LC-MS analysis, each methanolic extract was filtered through 

a 0.22 µm hydrophilic polyether sulfone (PES) membrane filter (Merck), and 8 µl of the filtrate was 

subsequently injected into a Waters Xevo G2-XS QT of an LC-MS system. The extract components 

were separated through an ACQUITY UPLC BEH C18 column (2.1×150 mm, particle size 1.7 µm). 

Gradient concentrations of mobile phase A, viz. water (with 0.1% formic acid), and B, viz. acetonitrile 

(with 0.1% formic acid), were 95% A and 5% B for 3 min, 55% A and 45% B for next 42 min, 0% A 

and 100% B in next 7 min and kept at same gradient flow for next 3 min. Thereafter, the gradient flow 

was changed to 98% A and 2% B at 55.10 min and kept at the same gradient for the next 5 min. The 

total run time was 60 minutes. The flow rate was set at 0.3 ml/min, and the column temperature was 

maintained at 40 °C. The eluent was alternatively connected to a Q-TOF analyzer (Thermo, USA), with 

positive ionization mode and 30 eV collision energy. Source temperature was maintained at 100°C, and 

mass acquisition range was set to 50–3000 Da. The LC–MS data were processed using ProteinLynx 

Global Server (PLGS) software (Waters). Metabolites were putatively identified by their MS1 patterns 

and pseudo molecular masses (either protonated or non-protonated) derived by MS1 (within permissible 

mass error<0.005 Da). Post-processing and further analysis of raw data obtained from LC-MS were 

performed in Metaboanalyst 5.0. For statistical significance, a fold change between -1 and 1 between 

the control and treatment groups and an FDR value of < 0.05 (in case of pathway impact and enrichment 

analysis) were considered. 

2.6. Mitochondria isolation 

The mitochondria isolation kit was used for mitochondria isolation from gastric mucosal tissues, 

following the manufacturer's instructions. The isolation procedure is based on sequential differential 

centrifugation, enabling enrichment of intact and functionally active mitochondria. In brief, 

approximately 200 mg of gastric mucosa from each experimental group was homogenized on ice in 

hypotonic lysis buffer supplemented with protease inhibitors using a Dounce homogenizer. The 

homogenate underwent initial low-speed centrifugation at 600 × g for 10 minutes to remove nuclei, 

unbroken cells, and cellular debris. The resulting supernatant was subjected to high-speed centrifugation 

at 12,000 × g for 15 minutes to pellet the mitochondrial fraction. The mitochondrial pellets were washed 

three times with isolation buffer to enhance purity. 

2.7.  Assessment of mitochondrial membrane potential (ΔΨm) 

The mitochondrial transmembrane potential (ΔΨm) was evaluated using the potentiometric dye JC-1, 

a lipophilic cationic fluorochrome that differentially fluoresces depending on mitochondrial 

polarization status. In energized mitochondria, JC-1 accumulates within the matrix due to the negative 

inner membrane potential and forms red fluorescent J-aggregates (excitation/emission ∼590 nm). In 

contrast, depolarized or dysfunctional mitochondria fail to support JC-1 aggregation, resulting in the 

retention of its monomeric, green-fluorescent form (excitation/emission ∼530 nm). In the current study, 
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mitochondrial membrane potential (ΔΨm) was assessed using mitochondria isolated from gastric 

mucosal tissues of both control and stress-exposed rats, employing an F-7000 Fluorescence 

Spectrophotometer (Hitachi High-Technologies Corporation). Equal quantities of mucosal tissue were 

used for mitochondrial isolation, and protein concentrations were measured to standardize 

mitochondrial input across all samples for accurate ΔΨm assessment. The isolated mitochondria were 

incubated in the dark for 15 minutes in 500 μL of JC-1 assay buffer supplemented with ATP and 

containing 300 nM JC-1 dye. JC-1 monomers and aggregates were detected using a single-excitation, 

dual-emission protocol at 530 nm and 590 nm, respectively. The mitochondrial membrane potential was 

quantified as the fluorescence intensity ratio of 590 nm to 530 nm, following the method as described 

earlier (25). 

2.8. Quantification of gastric mucosal ATP content 

To assess the bioenergetic status of gastric mucosal cells following exposure to stress, tissue adenosine 

triphosphate (ATP) levels were measured. As ATP synthesis predominantly occurs within structurally 

intact and functionally competent mitochondria, any reduction in ATP levels is indicative of 

mitochondrial impairment and associated energy deficits in the tissue. ATP quantification was 

performed using a commercially available bioluminescent assay kit (ATP Determination Kit, A22066; 

Thermo Fisher Scientific), following the manufacturer’s protocol. This assay is based on the ATP-

dependent bioluminescent reaction catalyzed by recombinant firefly luciferase, which oxidizes the 

substrate D-luciferin in the presence of oxygen and magnesium ions, yielding oxyluciferin, AMP, 

pyrophosphate, carbon dioxide, and visible light. The emitted light, with a peak at 560 nm under 

physiological pH (7.8), is directly proportional to the ATP concentration in the sample. 

For experimental analysis, 50 mg of gastric mucosa was harvested from control and cold restraint stress-

exposed rats. The tissue was minced and homogenized in 5% sulfosalicylic acid. Following 

centrifugation at 12,000 × g, the supernatants were collected, and ATP levels were measured using a 

luminometer (BioTek). The luminescence readings were normalized to total protein concentrations in 

each sample, as described earlier (15,26), ensuring accurate comparison across experimental groups. 

This method provides a sensitive and specific measure of mitochondrial bioenergetic function and 

allows for the detection of stress-induced alterations in cellular energy metabolism. 

2.9. RNA extraction and quantitative real-time PCR analysis 

Total RNA was isolated from gastric mucosal tissues of all experimental groups using TRIzol reagent 

(Invitrogen, Carlsbad, CA), following the manufacturer's guidelines. RNA concentration was measured 

using a MaestroNano Micro-Volume Spectrophotometer (Life Teb Gen Co., Tehran, Iran). To remove 

any residual genomic DNA, the extracted RNA was treated with recombinant DNase (rDNase). 

Subsequently, 2 µg of RNA was reverse-transcribed into complementary DNA (cDNA) using 

oligo(dT)₁₈ primers and the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). 

Quantitative real-time PCR (qRT-PCR) was then carried out with SYBR Green Master Mix (Roche) on 

a Roche LightCycler 96 platform. Gene-specific primers (listed in Table 1) were synthesized by 

Integrated DNA Technologies (San Diego, CA, USA). PCR reactions were run with the following 

thermal profile: an initial denaturation at 95 °C for 10 minutes, followed by 40 amplification cycles 

consisting of 15 seconds at 95 °C for denaturation, 30 seconds at gene-specific annealing temperatures 

(Table 1), and 25 seconds at 72 °C for extension. The housekeeping gene Gapdh was used as an internal 

reference, and relative expression levels were calculated using the 2^–ΔΔCq method, with results 

expressed as fold changes relative to the control group (15,26,27). 
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Table 1: List of primer sequences used in q-RT-PCR reaction 

Genes Primer sequence (Rat) 
Annealing 

temperature 

mt-Nd1 
FP 5’-CACCCCCTTATCAACCTCAA-3’ 

59˚C 

RP 5’-ATTTGTTTCTGCGAGGGTTG-3’ 

mt-Nd3 
FP 5’-GAAATTGCGAGAATGGTGGT-3’ 

60˚C 
RP 5’-GGCAGTTGCTATTATTGTAGTGG-3’ 

mt-Nd4 
FP 5’-TCCCACTCTTAATTGCCCTC-3’ 

60˚C 
RP 5’-GAGGATGATGAATGGGTAGG-3’ 

Mt-Nd5 
FP 5’-TTCTCCAACAACAACGACAATC -3’ 

60˚C 
RP 5’-TCCGAGGCAAAGTATAGTTGTT-3’ 

mt-Co 1 
FP 5’-GACACCCGAGCCTACTTTAC-3’ 

60˚C 
RP 5’-GCTATGATGGCGAATACTGC-3’ 

mt-Co 2 
FP 5’-GCTTACAAGACGCCACATCACC-3’ 

60˚C 
RP 5’-CGTAGGGAGGGAAGGGCAAT-3’ 

mt-Co 3 
FP 5’-ACCTACCAAGGCCACCACACT CC-3’ 

60˚C 
RP 5’-CAGCC TCC TAG ATC ATG TGTTGG-3’ 

mt-Cyt B 
FP 5’-CGGCTGACTAATCCGATACC-3’ 

60˚C 
RP 5’-TGGGAGTACATAGCCCATGA-3’ 

 

mt-Atp 6 

FP 5’-CGAACCTGAGCCCTAATA-3’ 
60˚C 

RP 5’-GTAGCTCCTCCGATTAGA-3’ 

mt-Atp 8 
FP 5’-TGCCACAACTAGACACATCCA-3’ 

60˚C 
RP 5’-TGTGGGGGTAATGAAAGAGG-3’ 

Ppargc1a 
FP 5’-GCACCAGAAAACAGCTCCAA-3’ 

60˚C 
RP  5’-TTGCCATCCCGTAGTTCACT-3’ 

Nrf1 
FP TACAAGGCGGGGGACAGATA 

60˚C 
RP ACTCCATCTGGGCCATTAGC 

Tfam 
FP  5’-ATCAAGACTGTGCGTGCATC-3’ 

60˚C 
RP  5’-AGAACTTCACAAACCCGCAC-3’ 

Cpt1a 
FP 5’-GCACCAAGATCTGGATGGCTATGG-3’ 

62˚C 
RP 5’-TACCTGCTCACAGTATCTTTGAC-3’ 

Acadm 
FP 5’-TTAGCTTCTGCCCTGTGGTG-3’ 

60˚C 
RP 5’-ACTCTTTCTGCTGCTCCGTC-3’ 

Nrf2 
FP 5’-CTCTCTGGAGACGGCCATGACT-3’ 

60˚C 
RP 5’-CTGGGCTGGGGACAGTGGTAGT-3’ 

Fbxo32 
FP 5’-CACTCTACACTGGCAACAGCA-3’ 

60˚C 
RP 5’-GGTGATCGTGAGACCTTTGAA-3’ 

Klf15 
FP 5’-CTGCAGCAAGATGTACACCAA-3’ 

62˚C 
RP 5’-TCATCTGAGCGTGAAAACCTC-3’ 

Klf9 
FP 5’-GTCACGACCAGAGTGCTTCA-3’ 

62˚C 
RP 5’-GGTGTGCTCTTGCTTGCATA-3’ 

Hmox1 
FP 5’-TGCACATCCGTGCAGAGAAT-3’ 

60˚C 
RP 5’-AGGGAAGTAGAGTGGGGCAT-3’ 

Gapdh 
FP 5’-AGTATGACTCTACCCACGGC-3’ 

60˚C 
RP 5’-TGAAGACGCCAGTAGACTCC-3’ 
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2.10. Enzyme-linked immunosorbent assay (ELISA) 

Serum corticosterone concentrations were measured using a commercial ELISA kit (Abcam, ab108821) 

following the manufacturer’s protocol. In brief, blood samples were obtained from euthanized rats and 

left to clot at room temperature for 30 minutes. The serum was separated by centrifuging the samples 

at 600 × g for 5 minutes and then diluted 1:100 before analysis. Absorbance was recorded at 450 nm 

using a BioTek microplate reader. Corticosterone levels were determined by comparing the absorbance 

readings to a standard curve generated from known concentrations, and results were expressed as fold 

changes relative to the control group. 

2.11. Confocal immunofluorescence imaging of tissue sections 

To investigate the nuclear translocation of the glucocorticoid receptor (GR) in gastric mucosal tissues 

of control and stress-exposed rats, immunofluorescence-based confocal microscopy was employed. 

Paraffin-embedded, formalin-fixed tissue sections were first deparaffinized and rehydrated through 

graded ethanol, followed by heat-mediated antigen retrieval using sodium citrate buffer. Non-specific 

binding was minimized by blocking the sections with 10% goat serum and 1% bovine serum albumin 

(BSA) in Tris-buffered saline (TBS) for two hours at room temperature. Subsequently, the sections 

were incubated overnight at 4°C with a primary antibody targeting the glucocorticoid receptor alpha 

(GRα), as detailed in Table 02. After incubation with the primary antibody, the sections were rinsed 

and subsequently incubated with an Alexa Fluor 647-conjugated anti-rabbit secondary antibody. 4′,6-

diamidino-2-phenylindole (DAPI) was used for nuclear counterstaining, and the slides were mounted 

in 30% glycerol prepared in phosphate-buffered saline (PBS). A Leica TCS-SP8 confocal laser scanning 

microscope (Leica Microsystems, Wetzlar, Germany) was used for imaging, with acquisition managed 

via the Leica Application Suite X (LAS X) software. Each experiment was independently replicated 

thrice, and representative regions from the gastric mucosal sections were selected at random for image 

documentation. Post-acquisition processing, including uniform brightness and contrast adjustments, 

was performed using Adobe Photoshop, and figure assembly was completed in CorelDraw X7, as 

previously described (15,25). 

2.12. Assay of Fatty acid oxidation (FAO)  

Enzyme activity for fatty acid oxidation was quantitatively assessed using specialized assay kits 

procured from the Biomedical Research Service Center, State University of New York (Buffalo, NY), 

following the manufacturer’s protocol. Gastric mucosal tissues were first homogenized and processed 

for total protein extraction, and the resulting lysates were quantified using the Lowry method. Protein 

concentrations were normalized to 1 mg/ml across all samples to ensure consistency. For the enzymatic 

assay (Catalogue No E-141L and E-141M), a volume of 10 µl from the normalized protein lysate was 

combined with 50 µl of the fatty acid oxidation (FAO) assay solution or the corresponding control 

solution in a 96-well plate. The samples were incubated at 37 °C for 60 minutes in a non-CO₂ humidified 

incubator to allow for optimal enzyme-substrate interaction. The reactions were subsequently 

terminated by the addition of 50 µl of 3% (v/v) acetic acid to each well. Absorbance was measured at 

492 nm using a spectrophotometric plate reader. To determine the enzymatic activity, the absorbance 

reading from the blank was subtracted from that of the test sample. The resulting differential absorbance 

(ΔOD₄₉₂) was taken as a direct measure of fatty acid oxidation, as previously described (27). Data were 

expressed as fold changes relative to the control group. 
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2.13. Western blotting 

Immunoblotting was performed following previously established protocols (15,25). In summary, 

extraction of total protein was done from homogenized gastric mucosal tissues using RIPA lysis buffer 

(composed of 150 mM NaCl, 1.0% NP-40 or Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, and 

50 mM Tris, pH 8.0), supplemented with a protease inhibitor cocktail (Set V, Calbiochem). Protein 

concentration was assessed using the Lowry method. The protein samples were denatured using 

Laemmli buffer, and equal amounts were loaded into the wells of 10% SDS–polyacrylamide gels. 

Electrophoresis was carried out at 100 V in running buffer containing 25 mM Tris, 190 mM glycine, 

and 0.1% SDS. Proteins were then transferred onto nitrocellulose membranes at 45 V for 2 hours using 

transfer buffer (190 mM glycine, 20 mM Tris, pH 8.3). Membranes were blocked for 1 hour at room 

temperature with TBS (25 mM Tris, 150 mM NaCl, 2 mM KCl, pH 7.4) containing 5% non-fat dry 

milk, followed by overnight incubation at 4 °C with primary antibodies prepared according to the 

manufacturer’s recommended dilutions. After a brief rinse, membranes were thoroughly washed with 

TBS containing 0.1% Tween-20 and subsequently incubated for 2 hours with HRP-conjugated 

secondary antibodies in the same buffer. A complete list of primary antibodies used is provided in Table 

2. Immunoreactive bands were visualized using the Bio-Rad ChemiDoc imaging system or by DAB 

and hydrogen peroxide staining. Band intensities were quantified using ImageJ software, normalized to 

control levels, and expressed as fold changes. 

Table 2: List of antibodies used for immunoblotting and immunofluorescent studies 

Antibodies Supplier Species Catalogue number 

PGC1α Abcam Rabbit Ab54481 

Glucocorticoid Receptor  Invitrogen Rabbit PA1-516 

NRF1 Cell Signaling Technology Rabbit 46743 

TFAM Abcam Rabbit ab131607 

KLF15 Santa Cruz Biotechnology Mouse sc-271675 

FBXO32 Abcam Rabbit ab74023 

Bax Santa Cruz Biotechnology Mouse sc-7480 

Bcl-xL Cell Signaling Technology Rabbit 2764 

Actin Cell Signaling Technology Mouse 3700 

Anti-rabbit IgG Sigma Goat A0545 

Anti-mouse IgG Sigma Rabbit A9044 

Alexa Fluor 647 Invitrogen Goat A-21245 

 

2.14. Data and statistical analysis 

All data and statistical analyses were conducted following established guidelines for randomized, 

blinded experimental design to ensure balanced group sizes and reduced bias. In vivo experiments were 

performed using randomly assigned rats, with each experimental group consisting of five animals (n = 

5). In vitro experiments were conducted in triplicate, and all experiments were independently repeated 

a minimum of three times to ensure reproducibility. Data are presented as mean ± standard deviation 

(SD). Statistical comparisons between two groups were performed using an unpaired t-test with Welch’s 
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correction. For comparisons involving more than two groups, one-way analysis of variance (ANOVA) 

was conducted, followed by Bonferroni’s post hoc test for multiple comparisons. A p-value less than 

0.05 was considered indicative of statistical significance in all analyses. Group sizes refer to the number 

of independent biological replicates, and statistical tests were performed using these independent 

values. GraphPad Prism 8 and Microsoft Excel 2019 were used for data analysis. For metabolomics 

data, raw LC-MS files were processed and analyzed using MetaboAnalyst 5.0, and Origin software was 

used to generate principal component analysis (PCA) plots. 

 

3. RESULTS  

3.1 Transcriptomic profiling of rat gastric mucosa under acute mental stress 
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Psychological stress exerts deleterious effects on gastric mucosal integrity, contributing to the 

pathogenesis of stress-related gastropathy. However, the precise molecular mechanisms underlying this 

phenomenon remain incompletely elucidated. To investigate the molecular perturbations associated 

with stress-induced gastric mucosal injury, a well-established rat model of acute mental stress was 

employed (15). Comprehensive transcriptomic analysis was first conducted to delineate stress-mediated 

alterations in gastric mucosal gene expression. In this study, experimental animals were exposed to 

cold-restraint stress (CRS), after which tissues were collected for transcriptome sequencing from both 

control and stress-exposed groups exhibiting severe mucosal injury. In contrast, control group animals 

exhibited no evidence of gastric mucosal bleeding or pathological alterations (Fig. 1A). Through high-

throughput transcriptomic profiling, the differential gene expression patterns were systematically 

characterized in stressed gastric mucosal tissues.  After applying a fold change (FC) cut-off of 1.5, along 

with a p-value of ≤ 0.05, the heat map revealed a differentially expressed gene (DEG) set comprising 

1057 upregulated genes and 623 down-regulated genes in “CRS” (“CRS” is marked as “Str” in   Fig. 

1B) compared to the “control” group. Gene enrichment analysis conducted with 'Ingenuity Pathway 

Analysis' identified the main pathways and 'disease and function' associated with gastric mucosal injury 

induced by CRS (Fig. 1D-E). The volcano plot illustrates the differential gene expression profile 

between control (Con) and stress (Str) gastric mucosa samples. The red-colored region in the volcano 

plot represents genes that meet both the fold change and p-value cutoffs, indicating significantly 

differentially expressed genes.  Significantly upregulated genes (red, right side) show high fold change 

(FC > 1.2) with strong statistical significance (p < 0.05), while significantly downregulated genes (red, 

left side) exhibit reduced expression (FC < -1.2, p < 0.05). From pathway analysis, the following 

pathways were identified: ‘production of nitric oxide and reactive oxygen species in macrophages’, 

‘NRF2-mediated oxidative stress response’, ‘phagosome formation’, ‘glucocorticoid receptor 

signalling’, ‘ferroptosis signalling pathway’, ‘death receptor signalling’, and ‘acute phase response 

signalling’ (Fig. 1D). Concurrently, ‘vascular lesion’, ‘synthesis of reactive oxygen species’, ‘synthesis 

of nitric oxide’, ‘peripheral vascular disease’, ‘occlusion of the blood vessel’, ‘necrosis’, ‘inflammatory 

response’, ‘gastroenteritis’, ‘fatty acid metabolism’, ‘cell death of endothelial cells’, ‘bleeding’, and 

‘apoptosis of epithelial cells’ emerged as the most enriched "disease and function" categories, 

significantly influencing the differentially expressed gene (DEG) profiles (Fig. 1E). In the Cytoscape 

Fig.1. Acute stress induces gastric mucosal injury and alters gene expression profiles. (A) Representative 

histopathological images of the gastric mucosa of rats exposed to acute stress and control showed different 

gastric mucosal morphology and tissue architecture when stained with haematoxylin and eosin (n = 5). (B) 

Heatmap showing differentially expressed genes (DEGs) between the control (Con) and stress (Str) (false 

discovery rate [FDR] ≤ 0.05). The gene expression data was clustered using the Euclidean distance metric. 

Genes were analyzed with a fold change cut off of 1.5, and their expression levels were represented using a 

colour gradient, ranging from light green (indicating strong down-regulation) to dark green (representing 

strong up-regulation). (C) Volcano plot depicting DEGs between the control and stress groups. The x-axis 

represents the Log2 fold change, while the y-axis indicates the Log10P-value. Red dots highlight significantly 

upregulated or downregulated genes, whereas non-significant genes are in black. Green dots represent genes 

with significant fold change but not p-value, and blue dots indicate genes with significant p-value but not fold 

change. (D) Dot plot illustrating enriched biological pathways associated with DEGs. Pathways are 

categorized based on their functional significance, with dot size indicating gene count, and the ratio represents 

the number of genes in the fraction for the total number of genes that map to the same pathway. The range of 

colour indicates Bonferroni corrected P values (log transformed). (E) Bar graph showing disease and function 

enrichment analysis for genes affected by stress. Gene counts are plotted for each category, with colour coding 

representing different biological functions and disease pathways. (F) Gene network diagram, created using 

Cytoscape, depicting interactions between key stress-related genes, gene names represented in oval shapes, 

whereas associated functions are represented by rectangular boxes. Genes are categorized based on functional 

roles. Colour code represents fold change in gene expression. The connections indicate known relationships 

between the indicated genes. GEO accession number GSE299825 
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network, gene names are depicted in oval shapes, while their associated functions are represented by 

rectangular boxes. Prominent pathways, including ‘NRF2-mediated oxidative stress response’ and 

‘Glucocorticoid receptor signaling,’ were identified as critically implicated and subsequently subjected 

to rigorous mechanistic investigation. Based on the profound transcriptomic perturbations observed in 

key metabolic pathways, complementary untargeted metabolomic profiling was conducted to elucidate 

the functional metabolic consequences of acute stress exposure. By integrating metabolomic signatures 

from gastric mucosal tissue with transcriptomic findings, the mechanistic interplay between stress-

induced gene expression dysregulation and subsequent metabolic network disturbances was further 

explored. 

3.2. Metabolomic analysis reveals mitochondrial dysfunction in gastric tissue in acute stress. 

 

 

Figure 2. Acute stress induces metabolic alterations in the gastric mucosa.  (A) Heatmap illustrating the 

differential relative abundance of metabolites between control (CON-1, CON-2, CON-3) and stress (STR-R1, 

STR-R2, STR-R3) groups. Rows represent metabolites, and columns represent individual samples. The colour 

gradient indicates relative abundance, with red representing upregulation and blue representing 

downregulation (FDR < 0.05   and fold change cutoff <-1 and >1). Hierarchical clustering was performed 

using the maximum likelihood algorithm to group samples based on metabolic similarity. (B) Venn diagram 

showing the shared and unique metabolites identified in control (Con) and stress (Str). A total of 373 

metabolites are shared between both groups, while 4 are unique to the control group and 15 are specific to the 

stress. (C) Volcano plot depicting differentially expressed metabolites between the ‘control’ and ‘stress’. The 

x-axis represents the log2 fold change, and the y-axis represents the -log10 p-value. Coloured dots highlight 

significantly altered metabolites, with upregulated and downregulated metabolites represented in red and blue, 

respectively. Raw data access-Appendix 
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To validate the transcriptomic alterations in genes associated with various metabolic pathways, 

untargeted metabolomic profiling was performed on gastric mucosal tissues from control (CON) and 

cold-restraint stress-exposed (STR) rats. Liquid chromatography–mass spectrometry (LC-MS) analysis 

revealed significant metabolic perturbations, with a total of 373 metabolites detected across both 

groups. Among the 373 identified metabolites, 109 demonstrated an upward trend, whereas 111 

displayed a marked decline under stress conditions. Furthermore, 4 metabolites were uniquely detected 

in the control group, while 15 were exclusively present in the stress-exposed group, collectively 

indicating profound stress-induced metabolic reprogramming. Of the differentially expressed 

metabolites (DEMs), 79 were significantly upregulated (log₂ FC >1) and 73 were downregulated (log₂ 

FC <-1). The volcano plot illustrates the differential abundance of metabolites between the control and 

stress-exposed group (Fig. 2B). Significantly upregulated metabolites (right side, red dots) indicate 

stress-induced metabolic alterations. Significantly downregulated metabolites (left side, blue dots) 

represent metabolites that are depleted under stress conditions. The combination of the Venn diagram 

and Volcano plot suggests major metabolic reprogramming in the gastric tissue under stress exposure, 

with specific metabolites showing significant changes. Stress-induced metabolic shifts altered key 

pathways, including lipid, steroid, sphingolipid, and nicotinate/nicotinamide metabolism. Notably, 

NADH (HMDB0001487) and NADPH (HMDB0000221) were upregulated, indicating increased 

energy demand and antioxidant defence. upregulated phosphatidic acid (PA(O-16:0/18:0) 

HMDB0011145, ceramides (d18:0/25:0), ganglioside GA2 (d18:1/18:0), and phosphatidylcholine (PC 

24:1(15Z)/24:1(15Z)) HMDB0008816 suggest enhanced lipid signalling, apoptosis, and membrane 

remodelling in stress-exposed gastric tissues.   

 

 

Figure 3. Multivariate and pathway enrichment analysis of metabolic profiles under stress. (A) 3D 

Principal Component Analysis (PCA) score plot showing clear separation between metabolomic profiles of 

stress-treated (STR) and control (CON) samples. Each point represents a biological replicate (n = 3 per group), 

with STR-R1 to STR-R3 (red) and CON-1 to CON-3 (green) indicating ‘stress’ and ‘control’ samples, 

respectively. (B) Metabolic pathway impact analysis (bubble plot) based on significantly altered metabolites 

between stress-treated and control conditions. The x-axis denotes the pathway impact score derived from 

pathway topology analysis, while the y-axis shows the significance of pathway enrichment as −log10(p-value). 

The size of each bubble corresponds to the pathway impact, and the colour gradient from yellow to red 

represents increasing statistical significance.  
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Principal Component Analysis (PCA) using covariance matrix was performed to segregate samples 

based on their metabolomic profiles and to explain variations between groups (Fig. 3A). The first 

principal component (PC1) accounted for the majority of the variation (86.1%; eigenvalue: 68.571), 

followed by PC2 (7.5%; eigenvalue: 5.963) and PC3 (5.5%; eigenvalue: 4.44). Control (CON) and 

stress-exposed (STR) groups formed distinct clusters, with the CON group positioned along the positive 

PC1 axis, while the STR group was shifted along the negative PC1 axis. The control group exhibited 

significant loadings of lipids containing long-chain fatty acids, such as Cer (d18:0/20:4), Cer 

(d18:0/25:0), PS (24:0/24:0), TG (22:0/18:2/22:2), Ganglioside GA2 (d18:1/18:0), and nicotinamide 

metabolites like NADH and NADPH. In contrast, stress-exposed samples showed an enrichment of 

lipid classes containing small- to mid-chain fatty acids, including CE (15D5), Ceramide AP, DG 

(18:2n6/0:0/20:2n6), SM(d18:0/16:0), Cer(d18:0/12:0), and Ganglioside GD3 (d18:1/14:0). These 

metabolic shifts indicate a fundamental alteration in lipid metabolism under stress conditions. The 

pathway impact analysis reveals significant metabolic disruptions in stress-exposed gastric tissue, 

particularly in mitochondrial and lipid metabolism (Fig. 3B). The most affected pathways include the 

transfer of acetyl groups into mitochondria and nicotinate/nicotinamide metabolism, indicating 

disruptions in energy metabolism and redox balance. Alterations in pyruvate metabolism and fatty acid 

elongation in mitochondria further suggest impaired mitochondrial energy processing. Changes in 

mitochondrial β-oxidation of fatty acids reflect alterations in lipid catabolic processes, whereas 

impairments in the mitochondrial electron transport chain suggest a reduction in ATP synthesis 

efficiency. Changes in the glycerol phosphate shuttle and fatty acid metabolism suggest altered lipid 

utilization and oxidative stress adaptation, whereas variations in steroid biosynthesis may reflect stress-

induced hormonal imbalances. Collectively, these findings suggest that stress exposure leads to 

mitochondrial dysfunction, disrupting energy metabolism and lipid signaling pathways.  
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KEGG enrichment analysis was conducted to explore the impact of stress exposure on biological 

processes and identify differentially expressed metabolites associated with specific metabolic functions. 

Among over 400 significantly enriched biological processes (p<0.05), the top 25 were highlighted (Fig. 

4A). Notably, pathways such as mitochondrial fatty acid beta-oxidation and metabolic disorders of 

biological oxidation enzymes were enriched, indicating mitochondrial involvement in the stress 

response, which aligns with our findings from transcriptome analysis. A network-based view of 

metabolic pathway-disease interactions highlights metabolic perturbations under stress exposure (Fig. 

4B). The interconnected pathways further highlight mitochondrial dysfunction, particularly through 

mitochondrial fatty acid β-oxidation and metabolic disorders of biological oxidation enzymes. These 

disruptions suggest impaired mitochondrial energy metabolism and oxidative stress responses. 

Additionally, the clustering of biological oxidations, glucocorticoid biosynthesis, and alpha-linolenic 

(omega-3) and linoleic (omega-6) metabolism indicates that stress exposure significantly alters lipid 

metabolism and steroid hormone biosynthesis processes closely linked to mitochondrial function. The 

presence of post-translational protein modification and metabolism of proteins in the network suggests 

potential mitochondrial protein dysregulation, which may contribute to mitochondrial dysfunction. 

Overall, the metabolomics data collectively point toward mitochondrial impairment as a central factor 

in stress-induced metabolic alterations.  

3.3.  Transcriptomic insights into the alterations of mitochondrial gene expression under stress 

Metabolomic data provided compelling evidence of redox imbalance and disruptions in energy 

metabolism, strongly implicating mitochondrial dysfunction as a central feature of stress-induced 

gastric injury. These findings suggest potential impairment of the electron transport chain (ETC), either 

through functional deficits or altered expression of its component genes within the mitochondria. 

Notably, the initial transcriptomic analysis, conducted using a stringent fold change (FC) threshold of 

≥1.5, did not reveal significant differential expression of genes encoding ETC components. However, 

upon refining the analysis parameters by lowering the FC threshold to ≥1.2, additional mitochondrial 

regulatory genes, including those associated with the ETC, were identified as differentially expressed. 

Hierarchical clustering heatmap analysis revealed distinct transcriptional differences between control 

and stress groups, with stress-exposed samples showing significant alterations in gene expression 

patterns (Fig. 5A). Pathway enrichment analysis identified key biological processes impacted by stress, 

including oxidative stress responses (NRF2-mediated oxidative stress response), inflammatory 

signaling (LPS-mediated, PI3K/AKT, and Toll-like receptor pathways), and mitochondrial dysfunction 

(Endoplasmic reticulum stress and necroptosis signaling pathways) (Fig. 5B). Functional classification 

of differentially expressed genes highlighted several biological functions associated with metabolic 

disease, inflammation of organ, bleeding, apoptosis, and synthesis of reactive oxygen species (Fig. 5C). 

A specific focus on mitochondrial electron transport chain (ETC) gene expression revealed a notable 

downregulation of genes encoding Complex I (Mt-nd1, Mt-nd2, Mt-nd3, Mt-nd4, Mt-nd4l, Mt-nd6), 

Complex III (Mt-cyb), and Complex V (Mt-atp6, Mt-atp8) (Fig. 5D). Transcriptomic analysis also 

Figure 4. Acute stress triggers activation of stress-associated pathways in the gastric mucosa. (A) 

Enrichment plot displaying the top 25 enriched metabolite sets from KEGG pathway analysis. The x-axis 

represents the -log10 (p-value), indicating the statistical significance of enrichment, while the y-axis lists the 

enriched pathways. The size of the dots corresponds to the enrichment ratio, and the colour gradient represents 

different p-value ranges. (B) Disease network analysis and metabolic pathway-disease interaction networks 

created using MetaboAnalyst 5.0, showing the relationship between altered metabolic pathways and 

associated diseases. Red boxes highlight significantly affected pathways, while green lines indicate 

interconnections between pathways.  Raw data access-Appendix 
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revealed significant dysregulation of mitochondrial-related genes (both mitochondrial and nuclear 

encoded) in gastric mucosal tissues. The heatmaps visualize differential gene expression patterns, with  

 

 

red indicating upregulation and blue indicating downregulation. Several mitochondrial genes involved 

in ATP synthesis (Atp6v0b, Atp6v0d2, Atp6v0e1, Atp6v1b2, Atp6v1c1) and oxidative phosphorylation 

(Coa3, Coa4, Cox10, Cox15, Cox19, Cox20) are with altered expression as depicted in the heatmap 

along with marked expression changes in genes critical for mitochondrial maintenance, such as 

Figure 5. Acute stress triggers transcriptomic alterations in the gastric mucosa linked with aberrant 

mitochondrial signalling. (A) Heatmap reveals distinct clustering of samples representing both control (Con) 

and stress-exposed (Str) rats. The gene expression data for the differentially expressed genes (DEGs) was 

clustered using the Euclidean distance metric. The genes' expression values were analyzed with a fold change 

cutoff of 1.2. A colour gradient scale was applied, ranging from white for significant down-regulation to dark 

purple for significant up-regulation.  (B) The dot plot visualizes enriched canonical pathways. Dot size reflects 

the proportion of genes associated with each signalling pathway, while the colour range indicates Bonferroni-

corrected p-values (log-transformed). The ratio denotes the fraction of genes relative to the total number of 

genes mapped to the pathway. (C) The bar graph illustrates the diseases and functions that are enriched in the 

tissue set exposed to stress. (D) Mitochondrial gene expression heatmap based on the values analyzed with a 

fold change cutoff of 1.2.  A colour gradient scale was applied, ranging from red for down-regulation to blue 

for up-regulation.  (E) Heatmap representation of a subset of differentially expressed mitochondrial and 

mitochondria-associated genes between control (C1, C2) and stress (STR1, STR2) groups as checked using 

next-generation transcriptome sequencing and analysed using a fold change cut-off of 1.2. The colour scale 

represents row-wise normalized expression values, with red indicating upregulation and blue indicating 

downregulation.  
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Tmem70, Taco1, and Nubpl (Fig. 5E). This decrease in ETC and mitochondrial maintenance gene 

expression suggests impaired oxidative phosphorylation that may lead to reduced ATP production, 

increased ROS generation, and heightened cellular stress, exacerbating gastric tissue damage. Overall, 

these transcriptomic findings strongly reinforce the metabolomics data, confirming that stress-induced 

mitochondrial dysfunction plays a central role in energy metabolism disruption and oxidative stress-

related gastric injury.  

3.4. Stress-induced loss of mitochondrial integrity and function  

The mitochondrial membrane 

potential (ΔΨm), established by 

proton pumps of Complexes I, III, 

and IV during oxidative 

phosphorylation, is vital for 

cellular energy storage. Alongside 

the proton gradient (ΔpH), ΔΨm 

constitutes the electrochemical 

potential across the inner 

mitochondrial membrane, which 

drives ATP synthesis. Under 

normal physiological conditions, 

both ΔΨm and intracellular ATP 

levels are tightly regulated, with 

only minor fluctuations reflecting metabolic activity. However, persistent alterations in ΔΨm can 

disrupt respiratory chain function, leading to impaired ATP production, energy depletion, and 

ultimately, cell death (28,29). To further validate mitochondrial dysfunction, we assessed mitochondrial 

membrane potential (ΔΨm) using JC-1 staining and ATP levels via a luminescence-based assay. JC-1 

staining revealed a significant reduction in the fluorescence ratio (590 nm/530 nm) in stress-exposed 

tissues, indicating mitochondrial depolarization and loss of membrane integrity (Fig. 6A). Concurrently, 

ATP levels were significantly lower, suggesting impaired mitochondrial energy production (Fig. 6B). 

Since ATP synthesis depends on an intact electron transport chain (ETC) and efficient oxidative 

phosphorylation, its decline underscores functional mitochondrial impairment. These findings align 

with transcriptomic and metabolomic data, reinforcing that stress disrupts mitochondrial function at 

multiple levels. Mitochondrial depolarization, a hallmark of dysfunction, often precedes apoptosis and 

increased reactive oxygen species (ROS) production, while reduced ATP levels indicate an energy 

metabolism shift, exacerbating gastric tissue damage. Overall, these findings confirm that stress 

exposure leads to mitochondrial dysfunction, characterized by membrane depolarization and reduced 

ATP production, ultimately contributing to gastric injury. 

 

 

Figure 6. Acute stress triggers mitochondrial dysfunction and bioenergetic crisis. (A) Mitochondrial 

transmembrane potential (ΔΨm) in the gastric mucosal mitochondrial fractions from control (Con) and stress 

(Str) exposed rats (n = 5). (B) Gastric mucosal ATP content. Data are presented as mean ± SD, n = 5. **P < 

0.01 and ***P < 0.001 compared to the control; unpaired Student's t test with Welch's correction. The number 

of independent experiments is 3. 
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3.5. Stress-induced downregulation of genes and proteins of mitochondrial electron transport chain  

 

 

Based on prior transcriptomic evidence demonstrating dysregulation of mitochondrial electron transport 

chain (ETC) gene expression in stress-induced gastric injury, these findings were further substantiated 

through quantitative PCR (qPCR) and immunoblot analyses, thereby confirming alterations at both the 

transcriptional and protein levels. Quantitative gene expression analysis revealed a significant 

downregulation of key mitochondrial ETC-related genes in the stress group compared to controls, 

indicating impaired oxidative phosphorylation (Fig. 7A). Specifically, genes encoding complex I 

components (mt-Nd1, mt-Nd3, mt-Nd4, mt-Nd6) were significantly reduced, complex III (mt-Cytb) 

and complex IV (mt-Co1, mt-Co2) exhibited notable downregulation. Additionally, complex V (ATP 

Synthase) genes (mt-Atp6, mt-Atp8) also showed a significant decline, reinforcing mitochondrial ETC 

dysfunction under stress conditions. Immunoblot analysis further confirmed reduced expression of key 

Figure 7. Acute stress alters mitochondrial gene and protein expression. (A) Quantitative PCR (qPCR) 

analysis of mitochondrial DNA-encoded genes in control (Con) and stress (Str) conditions. The expression 

levels of mitochondrial genes (mt-Nd1, mt-Nd3, mt-Nd4, mt-Nd6, mt-Cytb, mt-Co1, mt-Co2, mt-Atp6, and 

mt-Atp8) are shown as fold change relative to control. (B) Immunoblot analysis of oxidative phosphorylation 

(OXPHOS) complex proteins of tissues from control and stress. Representative immunoblots show the 

expression of ATP5A (Complex V), UQCRC2 (Complex III), MTCO1 (Complex IV), SDHB (Complex II), 

and NDUFB8 (Complex I) alongside the bar graphs. Actin was used as a loading control. Data are presented 

as mean ± SD, n = 5. **P < 0.01 and ***P < 0.001 compared to the control; calculated using unpaired Student's 

t test with Welch's correction. Relative expression values are presented as fold change relative to control, 

wherein expression values corresponding to control are considered as 1-fold.  The number of independent 

experiments is 3. ns = not significant  
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ETC proteins, with ATP5A (Complex V) and UQCRC2 (Complex III) showing significant decreases, 

while MTCO1 (Complex IV) and SDHB (Complex II) were also downregulated, aligning with 

transcriptomic data (Fig. 7B). Additionally, NDUFB8 (Complex I) levels were markedly decreased, 

indicating defects in the initial phase of oxidative phosphorylation. These findings strongly support the 

hypothesis that stress exposure disrupts mitochondrial electron transport chain (ETC) function, leading 

to diminished ATP synthesis and enhanced electron leakage, thereby increasing reactive oxygen species 

(ROS) generation and exacerbating gastric tissue injury.  

3.6. Stress-induced disruption of fatty acid oxidation and mitochondrial maintenance via PGC1α-

associated networks 
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Transcriptome analysis revealed a significant downregulation of genes associated with mtDNA 

maintenance, mRNA metabolism, and mitochondrial translation, indicating impaired mitochondrial 

maintenance under stress conditions (Fig. 8A). Additionally, genes involved in lipid metabolism and 

mitochondrial fatty acid β-oxidation were markedly downregulated in stress-exposed samples (Fig. 8B). 

In particular, Cpt1a (carnitine palmitoyltransferase IA) and Acadm (acyl-CoA dehydrogenase medium 

chain), which are the key mitochondrial β-oxidation genes, showed substantial transcriptomic 

repression, indicating impaired fatty acid entry into mitochondria and disrupted β-oxidation. Other 

notably downregulated genes included Acadl, Acaa2, Acad10, Acox2, Hadha, Hadhb, Ehhadh, Crat, 

and Mcat, collectively reflecting widespread suppression of mitochondrial lipid catabolic pathways 

under acute stress conditions. Quantitative PCR and assay of enzyme activity further confirmed these 

transcriptomic findings (Fig. 8C-F). Expression of Cpt1a, the rate-limiting enzyme in mitochondrial 

long-chain fatty acid β-oxidation, was significantly lower in the stress group, alongside a marked 

downregulation of Acadm, responsible for medium-chain fatty acid β-oxidation (Fig. 8C and D). The 

data indicated a significant reduction in the oxidation of both long-chain and medium-chain fatty acids, 

as evident from the reduced enzymatic activity of CPT1A and ACADM (Fig. 8E and F). This metabolic 

disruption likely contributes to compromised energy production and overall mitochondrial dysfunction 

in stressed tissues. Protein–protein interaction (PPI) network analysis using STRING revealed that 

Cpt1a and Acadm are closely linked to Ppargc1a (PGC-1α), which emerged as a central hub interacting 

with numerous regulators of mitochondrial function and lipid metabolism (Fig. 8G). The transcriptional 

coactivator PGC1α serves as a master regulator of cellular energy metabolism, exerting its control over 

fatty acid catabolism, mitochondrial gene expression, and mitochondrial biogenesis. PGC1α controls 

the expression of key β-oxidation genes, Cpt1a and Acadm (30,31) while synchronously coordinating 

mitochondrial DNA (mtDNA) transcription, replication, and maintenance through the PGC1α–NRF1–

TFAM axis. Given its central regulatory role, it was imperative to assess the expression of PGC1α under 

acute stress conditions to determine its potential contribution to the observed suppression of lipid 

catabolism and the dysregulation of the mitochondrial electron transport chain (ETC). Accordingly, the 

expression profile of PGC1α was investigated. 

 

Figure 8. Acute stress affected mitochondrial maintenance, fatty acid oxidation, and PGC-1α-associated 

networks. (A) Heatmap depicts the differential expression of genes involved in mitochondrial central dogma 

including ‘mtDNA maintenance’, ‘mtRNA metabolism’ and ‘mitochondrial translation’ between ‘Con’ and 

‘Str’ as checked by NGS-based transcriptomics and analysed using a fold change cut off of 1.2.   The colour 

gradient represents relative expression levels, with red indicating upregulation and blue indicating 

downregulation. (B) Heatmap shows a subset of DEGs associated with fatty acid β-oxidation in control (C1, 

C2) and stress (STR1, STR2) as checked by NGS-based transcriptomics and analysed using a fold change cut 

off of 1.2. The colour gradient represents relative expression levels, with red indicating upregulation and blue 

indicating downregulation.  (C, D) Quantitative PCR (qPCR) analysis of Cpt1a (carnitine palmitoyl 

transferase 1A) and Acadm (acyl-CoA dehydrogenase medium chain) genes. The results are depicted as fold 

change in gene expression compared to the control after normalizing by Gapdh.  (E, F) Enzyme activity assays 

measuring Cpt1a and Acadm functional activity (represented as long chain and medium chain fatty acid 

oxidation, respectively) in control (Con) and stress (Str). Data are represented as fold change relative to the 

control. (G) Protein-protein interaction (PPI) network analysis by STRING (https://string-db.org/) 

highlighting the regulatory role of Ppargc1a (PGC-1α) in mitochondrial function and fatty acid oxidation. The 

STRING network visualization shows interactions among key metabolic regulators, including Cpt1a, Acadm, 

and other mitochondrial-associated proteins. The red circle emphasizes PGC-1α as a central regulator in this 

network. Data (C-F) are presented as mean ± SD, n = 5. *P < 0.05 and **P < 0.01 compared to the control, 

calculated using unpaired Student's t test with Welch's correction. Relative values for gene expressions and 

enzyme activities are presented as fold change relative to control wherein expression or activity values 

corresponding to control are considered as 1-fold. The number of independent experiments is 3. ns = not 

significant. 
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3.7. Stress-induced impairment of mitochondrial biogenesis and increased ubiquitination 

 

 

Transcriptomic analyses revealed a paradoxical increase in the expression of Ppargc1a (PGC-1α), a 

master regulator of mitochondrial biogenesis and energy metabolism, in response to acute stress. To 

validate this observation and further elucidate downstream effects, the expression profiles of PGC-1α 

and its key effectors were checked at both the transcript and protein levels. Quantitative RT-PCR 

confirmed a significant upregulation of Ppargc1a mRNA in stressed gastric tissues, substantiating the 

transcriptomic findings (Fig. 9A). However, this transcriptional upregulation of PGC1α did not 

correspond to functional activation of its downstream effectors. Notably, the mRNA levels of Nrf1 

(nuclear respiratory factor 1) and Tfam (mitochondrial transcription factor A), both integral components 

of the mitochondrial biogenesis axis, were significantly downregulated under stress (Fig. 9A). 

Immunoblot analysis revealed a substantial reduction in PGC1-α in stress-exposed gastric tissues, 

Figure 9. Effects of acute stress on PGC-1α expression, mitochondrial biogenesis regulators, and protein 

ubiquitination. (A) Gene expression analysis of Ppargc1a and its target genes involved in mitochondrial 

biogenesis (Nrf1 and Tfam,), measured by qPCR. The results are depicted as a bar graph showing the fold 

change in gene expression compared to the control after normalizing by Gapdh. (B) Immunoblot analysis of 

PGC-1α, NRF1, and TFAM proteins in gastric mucosal tissues from the 'Con' and 'Str' rats. Representative 

blots are shown beside the bar graph. Actin was used as a loading control. (C) Immunoblot showing gastric 

mucosal total proteome ubiquitination in 'Con' and 'Str' samples. Actin was used as the loading control. 

Representative blot provided alongside the bar graph. Data are presented as mean ± SD, n = 5. *P < 0.05 and 
**P < 0.01 compared to the control and calculated using unpaired Student's t test with Welch's correction. 

Relative expression values are presented as fold change relative to control, wherein expression values 

corresponding to control are considered as 1-fold. The number of independent experiments is 3. ns = not 

significant. 
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despite its upregulation at the mRNA level (Fig. 9B). This paradoxical discrepancy between gene and 

protein expression suggests increased post-translational degradation of PGC1-α, potentially due to 

ubiquitin-mediated proteasomal degradation. To investigate this, total protein ubiquitination was 

assessed. Further immunoblot analysis revealed a significant increase in total protein ubiquitination, 

supporting the hypothesis that stress-induced abnormal protein turnover contributes to PGC1-α 

depletion (Fig. 9C). In addition, NRF1 and TFAM protein levels were markedly reduced, reinforcing 

the evidence of compromised mitochondrial biogenesis at both the transcriptional and translational 

levels. These findings strongly suggest that stress exposure leads to impaired mitochondrial biogenesis, 

primarily due to ubiquitination-mediated degradation of PGC1-α and downregulation of its downstream 

transcription factors. The disruption of the PGC1α–NRF1–TFAM axis further exacerbates 

mitochondrial dysfunction, leading to reduced mitochondrial biogenesis, energy deficits, and increased 

oxidative stress.  

3.8. Stress-induced activation of glucocorticoid signalling and its role in ubiquitin-mediated 

proteasomal degradation 

Following the observation of increased protein ubiquitination in stress-induced gastric injury, 

transcriptomic analysis was conducted to assess the expression profile of E3 ubiquitin ligase genes. The 

analysis revealed a significant upregulation of several E3 ligases, notably including established 

glucocorticoid receptor (GR) target genes such as Fbxo32, Smurf1, Traf6, and Trim63, indicating 

transcriptional activation of the ubiquitination machinery under stress (Fig. 10A). To further elucidate 

the regulatory framework underlying these transcriptional alterations, a hub gene network was 

constructed using Molecular Complex Detection (MCODE) (32) plugin in Cytoscape (33). This 

analysis identified GR signalling as a central regulatory node influencing a broad array of cellular 

processes. The interactome revealed extensive crosstalk between GR signalling and critical biological 

pathways, including apoptosis, necrosis, immune modulation, glucose metabolism, and inflammation 

mechanisms closely linked to gastric mucosal pathology (Fig. 10B). Furthermore, GR target genes such 

as Klf15 and Fbxo32 exhibited pronounced transcriptional modulation in response to stress exposure, 

reinforcing the role of GR as a master regulator in this context. To substantiate the involvement of 

glucocorticoid receptor signalling in stress-induced gastric pathology, serum corticosterone 

concentrations were quantified. The nuclear translocation and activation status of the glucocorticoid 

receptor (GR) were evaluated. A significant elevation in serum corticosterone levels was observed in 

stress-exposed rats (Fig. 10C), indicative of the activation hypothalamic-pituitary-adrenal (HPA) axis 

and systemic upregulation of glucocorticoids. Immunoblot analysis further demonstrated an increase in 

GR nuclear localization in stress-exposed tissues, as confirmed by its enrichment in nuclear fraction 

(Fig. 10D). Immunoconfocal microscopy revealed enhanced nuclear translocation of GR, with a 

significant increase in colocalization with stained nuclei from 31.5% (control) to 51.5% (stress-

exposed), indicating GR activation under stress conditions (Fig. 10E). These findings collectively 

indicate that stress-induced activation of the glucocorticoid receptor (GR) initiates a transcriptional 

program that upregulates E3 ubiquitin ligases, thereby promoting ubiquitin-mediated proteasomal 

degradation. This aligns with previous findings of PGC1-α depletion at the protein level (Fig. 9B) 

despite transcriptional upregulation (Fig. 9A), supporting the hypothesis that GR activation promotes 

protein turnover and mitochondrial dysfunction.  
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3.9. Stress-induced upregulation of KLF15 and its target FBXO32 

 

 

 

Figure 10. Acute stress induces the expression of E3 ubiquitin ligase genes and activates the 

glucocorticoid receptor. (A) Heatmap depicting a subset of DEGs comprising of E3 ubiquitin ligase genes 

in control (C1, C2) and stress (STR1, STR2). Stress upregulated several GR target genes, including Fbxo32, 

Smurf1, Traf6, and Trim63 genes are marked with red arrows. (B) Interactome network created using 

Cytoscape to represent the association of DEGs, and glucocorticoid receptor signalling pathway as well as 

other major cellular events and functions via commonly shared genes, including Fbxo32 and Klf15. 

Expression values of genes, in terms of log2 fold change, are represented using a colour gradient scale with 

light-purple being highly downregulated to red being highly upregulated. (C) Serum corticosterone levels 

were measured by ELISA in gastric mucosal tissues from the 'Con' and 'Str' rats. (D) Immunoblot of 

glucocorticoid receptor (GR) protein level in the nuclear fraction of the 'Con' and 'Str' samples. Histone 3A is 

used as the loading control. Representative blots are provided alongside the bar graph in the panel. (E) 

Confocal immunohistochemical staining showing nuclear translocation of GR in the gastric mucosa of rats in 

control and during stress exposure. DAPI (blue) stains nuclei, while GR (red) represents glucocorticoid 

receptor localization. The merged images show increased nuclear GR localization under stress. Enlarged 

regions of interest (ROI) and colocalization analysis confirm a higher percentage of GR nuclear translocation 

in stress conditions. Data are presented (C, D) as mean ± SD, n = 5. *P < 0.05 and **P < 0.01 compared to the 

control and calculated using unpaired Student's t test with Welch's correction. Relative expression values (C-

D) are presented as fold change relative to control, wherein expression values corresponding to control are 

considered as 1-fold. The number of independent experiments is 3.  

 



Mitochondrial dysfunction in stress-induced gastropathy 

101 
 

 

Since KLF15 is a direct target of the activated glucocorticoid receptor (GR) (34,35) and functions as a 

transcriptional activator of Fbxo32 (35), we explored the transcriptional regulation of FBXO32, an E3 

ubiquitin ligase involved in proteasomal degradation. To this end, the expression profile of the Krüppel-

like factor (KLF) gene family was first analyzed using transcriptomic data, and the expression of 

KLF15, a key transcription factor regulating FBXO32, was further validated (Fig. 11A and C). 

Transcriptomic data revealed a significant upregulation of KLF15 under stress conditions, along with 

other KLF family members. Notably, Klf15 and Klf9, known target genes of activated GR (36), were 

among the most highly upregulated under stress, as depicted in the heatmap. Protein-protein interaction 

(PPI) analysis using the STRING network highlighted strong predicted interactions among GR (Nr3c1), 

KLF15, FBXO32, and Trim63, emphasizing their role in proteasomal degradation pathways (Fig. 11B). 

Further qPCR validation confirmed the significant upregulation of KLF15, and FBXO32 at the mRNA 

level in stress-exposed gastric tissues compared to controls (Fig. 11C). At the protein level, immunoblot 

analysis demonstrated an increase in KLF15 and FBXO32 expression under stress conditions, further 

supporting their transcriptional upregulation (Fig. 11D). These findings strongly suggest that stress-

mediated activated GR further activates KLF15, which subsequently enhances the expression of 

FBXO32, leading to increased protein ubiquitination and proteasomal degradation. This GR-KLF15-

FBXO32 axis may play a crucial role in stress-induced mitochondrial dysfunction and contribute to 

metabolic imbalances and impaired cellular homeostasis in gastric tissues. The identification of this 

pathway provides novel insights into the molecular mechanisms underlying stress-induced protein 

dysregulation leading to gastropathy.  

3.10. Stress-induced ROS, phospholipase activation, and phosphatidic acid accumulation cause 

gastric mucosal injury 

Mitochondrial electron transport chain (ETC) dysfunction plays a central role in driving ROS 

overproduction under acute stress conditions. In earlier stages of this study, proteasomal degradation 

and substantial depletion of critical mitochondrial regulatory proteins, such as PGC1-α and TFAM, 

were observed (Fig. 9B). Additionally, several mitochondrial ETC genes were significantly 

downregulated (Fig. 7). These alterations disrupt normal electron flow, leading to increased electron 

leakage and subsequent accumulation of ROS, thereby initiating a state of severe oxidative stress. 

Integrative transcriptomic and metabolomic analyses further confirmed oxidative stress as a principal 

mediator of stress-induced gastric mucosal injury. Based on these findings, the present investigation 

explored the downstream consequences of this redox imbalance, particularly its impact on lipid 

metabolism and membrane remodelling processes. 

Figure 11. Acute stress induces the expression of glucocorticoid receptor (GR) target genes. (A) Heatmap 

showing a subset of DEGs checked using transcriptome sequencing to indicate the differential expression of 

Klf family genes in control (Con1, Con2) and stress (Str1, Str2). Klf15 and Klf9 are the target genes of GR 

showing upregulation under stress are marked in red. (B) Protein-protein interaction (PPI) network analysis 

by STRING (https://string-db.org/) highlighting GR(Nr3c1-2) and KLF15 interactions with Fbxo32 and 

Trim63. (C) Quantitative PCR (qPCR) analysis of Klf15 and its downstream target Fbxo32 expression in 

gastric mucosal tissues of control (Con) and stress (Str) exposed rats. Expression levels are shown as fold 

change relative to control.   (D) Immunoblot analysis of KLF15 and FBXO32 proteins in gastric mucosal 

tissues from the 'Con' and 'Str' rats. Representative blots are shown alongside the bar graph. Actin was used 

as a loading control. Data are presented (C, D) as mean ± SD, n = 5. *P < 0.05 and **P < 0.01 compared to the 

control, and calculated using unpaired Student's t test with Welch's correction. Relative expression values (C-

D) are presented as fold change relative to control, wherein expression values corresponding to control are 

considered as 1-fold. The number of independent experiments is 3.  
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Oxidative stress plays a critical role in cellular dysfunction, primarily by triggering the peroxidation of 

membrane phospholipids, which leads to the accumulation of lipid peroxides. These peroxides activate 

phospholipase enzymes, including phospholipase D (PLD), which hydrolyses membrane lipids to  
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produce phosphatidic acid (PA), a crucial lipid signalling molecule involved in stress responses. 

Additionally, phospholipase A2 (PLA2) plays a key role in oxidative stress conditions, breaking down 

plasma membrane components, including peroxidized fatty acids, thereby exacerbating cellular damage 

(37,38). Metabolomic study revealed a significant upregulation of phosphatidic acid (PA) levels in 

stress-exposed groups compared to controls. Since PA is primarily generated through phospholipase 

activation, transcriptomic data were analyzed to assess phospholipase gene expression. Transcriptome 

analysis revealed the upregulation of multiple phospholipase genes under stress conditions, indicating 

an enhanced capacity for PA synthesis (Fig. 12A). Increased PLD activity and PA production further 

stimulate reactive oxygen species (ROS) generation by activating NADPH oxidases, creating a self-

perpetuating cycle that amplifies oxidative stress. The accumulation of oxidized phospholipids further 

enhances phospholipase activity, triggering inflammatory pathways and promoting cellular injury. In 

stress-exposed gastric mucosa, the activation of PLA2, PLC, and PLD genes led to a detectable rise in 

PA production. This suggests a stress-induced lipid remodeling process, leading to an excess of 

bioactive lipid mediators involved in oxidative stress signaling. To further assess oxidative stress levels 

due to mitochondrial ETC dysfunction, a STRING network analysis was performed, revealing key 

interactions between oxidative stress regulators such as Nrf2, HMOX1, and other antioxidant defence 

genes (Fig.12 B). To elucidate the dynamics of redox signalling under stress conditions, we performed 

real-time PCR analysis of key oxidative stress-responsive genes, including Hmox1, Nfe2l2 (Nrf2), and 

Klf9 (Fig. 12C). A significant upregulation of these genes was observed, indicative of an activated 

NRF2-mediated antioxidant response.   

The marked increase in Hmox1, a pivotal cytoprotective enzyme, further suggests a compensatory 

cellular effort to counteract oxidative damage induced by stress. Interestingly, we detected a significant 

upregulation of Klf9 in transcriptomics data (Fig. 11A) and also validated using qPCR (Fig. 12C). Klf9 

is a transcription factor known to amplify oxidative stress, despite being a downstream target of Nrf2 

and the glucocorticoid receptor (GR)(39-41). Nrf2 activation initially upregulates antioxidant defences 

but paradoxically induces Klf9, which transcriptionally represses key antioxidant genes, thereby 

perpetuating oxidative stress, disrupting redox homeostasis, and exacerbating cellular injury (39). This 

ROS amplification cascade ultimately drives gastric mucosal cell apoptosis and exacerbates severe 

mucosal injury in stress-exposed rats. To further investigate the impact of oxidative stress on cell 

survival and apoptosis, immunoblot analysis was performed to assess the expression of BAX (pro-

apoptotic) and Bcl-xL (anti-apoptotic) proteins in stress-exposed gastric mucosa. A significant increase 

in BAX levels was observed, indicating enhanced apoptotic signalling under stress conditions, while 

Bcl-xL expression was markedly reduced, suggesting a weakened cellular survival response (Fig. 12D). 

Figure 12. Acute stress induces transcriptional activation of phospholipase, antioxidant pathways, and 

apoptosis. (A) Heatmap of a subset of DEGs showing differential expression of phospholipase genes between 

‘Con’ and ‘Str’ checked using transcriptome sequencing and analysed with a fold change cut off of 1.2.  The 

colour gradient represents relative expression levels, with red indicating upregulation and blue indicating 

downregulation. (B) Protein-protein interaction (PPI) network analysis of redox-related genes by STRING 

(https://string-db.org/) highlighting key interactions between oxidative stress regulators such as Nfe2l2 (Nrf2), 

Hmox1, and other antioxidant defence genes.  (C) Quantitative PCR (qPCR) analysis of Hmox1, Nfe2l2 

(Nrf2), and Klf9 expression in gastric mucosal tissues of control (Con) and stress (Str) samples. The results 

are depicted as fold change in gene expression compared to the control (controls are considered as 1-fold) 

after normalizing by Gapdh. (D) Immunoblot analysis of Bax and Bcl-xl proteins in gastric mucosal tissues 

from the 'Con' and 'Str' rats. Representative blots are alongside the bar graphs. Protein expression levels were 

normalized to actin as a loading control and shown as fold change relative to the control. Data are presented 

(C-D) as mean ± SD, n = 5. *P < 0.05 and **P < 0.01 compared to the control; calculated using unpaired 

Student's t test with Welch's correction. The number of independent experiments is 3.    
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This shift in the BAX/Bcl-xL ratio toward apoptosis underscores a stress-induced pro-apoptotic 

environment, aligning with the previously observed oxidative stress and glucocorticoid receptor (GR) 

activation. These changes collectively indicate that mitochondrial impairment, oxidative stress, and 

apoptosis contribute to stress-induced gastric mucosal injury. 

3.11. Quercetin-3-glucoside (Q3G), olanzapine, and RU486 attenuate stress-induced acute gastric 

mucosal injury 

Based on the above findings, three mechanistically distinct intervention strategies were systematically 

evaluated to prevent stress-induced gastric mucosal injury: (1) antioxidant supplementation to counter 

oxidative damage, (2) central 

modulation of stress perception to 

interrupt upstream neuroendocrine 

signalling, and (3) direct antagonism of 

glucocorticoid receptor (GR) signalling 

to block downstream molecular 

mediators of tissue injury. Quercetin, a 

widely studied flavonoid, exhibits 

potent antioxidant properties, making it 

a promising therapeutic candidate in 

conditions characterized by oxidative 

stress and cellular injury, such as stress-

induced gastric mucosal damage. 

However, its clinical translation has 

been limited by poor bioavailability, 

particularly in its aglycone form. In this 

context, quercetin-3-glucoside 

(isoquercetin) emerges as a superior 

alternative due to its enhanced 

absorption and pharmacokinetic 

profile. Pretreatment with Q3G 

significantly attenuated gastric injury in 

rats subjected to cold restraint stress.  

A dose–response analysis identified 10 

mg/kg (intraperitoneal) as the optimal 

gastroprotective dose, as higher doses 

offered no additional benefit (Fig. 13). 

At this dose, Q3G reduced the gastric 

injury index by approximately 70% 

compared to the stress group (18 ± 4 vs. 60 ± 5; P < 0.001), demonstrating robust mucosal protection 

(Fig. 14). To intervene upstream in the stress signalling cascade, olanzapine, a centrally acting 

antipsychotic known to suppress stress perception, was administered. Pretreatment with olanzapine 

similarly reduced gastric injury (Injury Index: 14 ± 4; P < 0.001 vs. stress), suggesting that central 

modulation of stress perception can effectively alleviate gastric pathology (Fig. 14). However, due to 

its sedative properties and long-term side effect profile, its clinical application may be limited. Acute 

stress elevates serum corticosterone levels, leading to GR activation and triggering the GR–KLF15–

FBXO32 signalling axis implicated in proteasomal degradation and mucosal injury. Recognizing the 

central role of glucocorticoid signalling in mediating stress responses, the GR pathway was then directly 

Figure 13. Dose-dependent effect of quercetin-3-glucoside 

(Q3G) on acute stress-induced gastric mucosal injury. The 

bar graph shows the dose response of quercetin-3-glucoside 

(Q3G) pre-treatment on acute stress-induced gastric mucosal 

injury. The inset image displays representative morphology of 

the gastric mucosa corresponding to different doses of Q3G. 

The chemical structure of Q3G is also presented. Data are 

presented as mean ± SD, n = 5. *P < 0.05, ***P < 0.001, and ****P 

< 0.0001; significantly different from Q3G 0 mg.kg -1, one-way 

ANOVA followed by Bonferroni's post hoc test. Number of 

independent experiments: 3         
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targeted.  To counteract this mechanism, mifepristone (RU486), a competitive GR antagonist, was 

administered. RU486 pretreatment conferred the most substantial cytoprotection, significantly reducing 

the Injury Index (12 ± 2; P < 0.001 vs. stress). Macroscopic examination revealed preserved gastric 

morphology, and histological analysis of haematoxylin-eosin-stained sections confirmed marked 

protection against mucosal disintegration (Fig. 14). These findings collectively demonstrate that stress-

induced gastric injury can be effectively attenuated through interventions targeting oxidative stress, 

neuropsychological stress perception, or GR signalling. In particular, direct inhibition of the GR–

KLF15–FBXO32 axis emerged as a potent strategy for preserving gastric mucosal integrity under acute 

stress conditions.  These findings also emphasize the critical role of mitochondrial biogenesis and 

metabolic homeostasis in gastric mucosal protection and provide a foundation for developing 

mitochondria-targeted therapies to counteract stress-induced gastric injury.  

 

 

Figure 14. Effects of quercetin-3-glucoside (Q3G), olanzapine, and RU486 on acute stress-induced 

gastric mucosal injury. Gastric mucosal morphology and histology (haematoxylin-eosin stained) of rats 

subjected to different experimental conditions: Control, Stress, “Quercetin-3-glucoside (Q3G) + Stress”, 

“Olanzapine (Ola) + Stress”, and “RU486 + Stress”. The injury index quantifies the severity of mucosal 

damage under each condition. Data are presented as mean ± SD. ***P < 0.001 compared to the control; ###P < 

0.001 compared to stress, calculated using one-way ANOVA followed by Bonferroni's post hoc test.  
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3.12. Quercetin-3-glucoside preserves mitochondrial function and restores redox and metabolic 

homeostasis by modulating stress-responsive gene expression 

As a first-line intervention strategy targeting oxidative stress, the therapeutic efficacy of quercetin-3-

glucoside (Q3G), a bioavailable flavonoid with potent antioxidant activity, was investigated in a rat 

model of cold restraint stress-induced gastric mucosal injury. This approach aimed to assess whether 

antioxidant supplementation could mitigate the deleterious effects of acute psychological stress on 

mitochondrial function, redox balance, and metabolic homeostasis within the gastric mucosa. Pre-

treatment with Q3G significantly alleviated stress-induced gastric mucosal injury in rats exposed to 

cold restraint stress. Transcriptomic analysis revealed a distinct clustering of gene expression profiles 

between stress-exposed (STR) and Q3G-treated stress (SQG) groups, as shown in the heatmap, 

suggesting significant transcriptomic alterations induced by Q3G treatment (Fig. 15A). Venn diagram 

analysis using a 1.5-fold change cutoff showed that stress upregulated 882 genes and downregulated 

602 genes, while Q3G reversed 824 stress-induced genes (protection down) and upregulated 739 genes  
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(protection up), demonstrating its regulatory role in stress-related pathways (Fig. 15B). A broader 

analysis with a 1.2-fold change cutoff revealed that stress led to the upregulation of 5,137 genes and 

downregulation of 5,347 genes, whereas Q3G reversed 4,279 stress-induced genes and upregulated 

5,281 genes, highlighting its widespread impact on gene expression (Fig. 15D). These findings suggest 

that Q3G effectively modulates gene expression patterns associated with stress responses. 

 

 

Figure 15.  Transcriptomic analysis of the protective effects of quercetin-3-glucoside against stress-

induced damage. (A) Heatmap showing differentially expressed genes (DEGs) obtained from separate 

clustering of samples from stress (STR) and quercetin-3-glucoside+stress (SQG) rats (false discovery rate 

[FDR] ≤ 0.05). The Euclidean distance metric was used while clustering the gene expression data. Expression 

value of genes analysed with FC cut-off of 1.5; colour gradient scale with red being highly up-regulated to 

white being highly down-regulated.  (B) The Venn diagram compares the number of upregulated and 

downregulated genes in stress versus stress+quercetin-3-glucoside treatment. Quercetin-3-glucoside reversed 

the expression of 824 stress-induced genes (Protection DOWN) and upregulated 739 genes (Protection UP). 

(C-D) Heatmap and Venn diagram analysis using a 1.2-fold change (FC) cutoff. The broader analysis reveals 

a larger number of differentially expressed genes, with quercetin-3-glucoside reversing 4,279 stress-induced 

genes and upregulating 5,281 genes. GEO accession number GSE299825 

 

Figure 16. Quercetin-3-glucoside pretreatment reverses stress-induced alteration of mitochondrial gene 

expression. (A) Heatmaps represent differentially expressed mitochondrial electron transport chain and 

oxidative phosphorylation-related genes across stress-exposed (STR) and quercetin-3-glucoside-treated 

stressed (SQG) rats, checked by transcriptome sequencing and analysed with a fold change cut off of 1.2. 

DEGs colour gradient scale, with red being highly up-regulated and blue representing highly down-regulated. 

Gene expression analysis for mt-Nd1, mt-Nd3, mt-Nd4, mt-Nd5, mt-Co1, mt-Co3, and mt-Atp6 by qPCR in 

control (Con), stress (STR), and quercetin-3-glucoside+stress (SQG) samples. Bar graphs indicate fold change 

in gene expression relative to control (after normalization by Gapdh).  Data presented as mean ± SD, n = 5. *P 

< 0.05, **P < 0.01, ***P < 0.001 compared to control; #P < 0.05, ##P < 0.01 compared to stress and calculated 

using one-way ANOVA followed by Bonferroni's post hoc test. The number of independent experiments is 3. 
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Based on transcriptomic and other experimental findings that highlighted stress-induced mitochondrial 

dysfunction, redox imbalance, and metabolic dysregulation, the protective effects of Q3G in alleviating 

these impairments were investigated. Analysis of mitochondrial and mitochondria-associated nuclear 

gene expression revealed that Q3G treatment counteracts stress-induced mitochondrial dysfunction. 

Heatmaps demonstrated a significant downregulation of key mitochondrial genes and nuclear-encoded 

mitochondrial genes under stress conditions. However, Q3G treatment restored their expression, 

shifting them toward control levels (Fig. 16A). Additionally, quantitative RT-PCR analysis confirmed 

that stress significantly reduced mitochondrial electron transport chain (ETC) gene expression (ND1, 

ND3, ND4, ND5, Cox1, Cox3 and ATP6), whereas Q3G treatment effectively rescued their expression 

(Fig. 16B). Transcriptomic analysis revealed Q3G treatment alters the expression of major antioxidant 

genes, including Nfe2l2 (Nrf2), Sod2, Glrx3, Txrnd1, and various glutathione peroxidases (Gpx1, 

Gpx2, Gpx8) along with Hmox1, in the gastric mucosa of rats (Fig. 17A). The protein–protein 

interaction (PPI) analysis using STRING highlights strong functional connectivity among redox 

regulators such as Nfe2l2 (Nrf2), Txrnd1, Gpx1/2/8, Sod2, Glrx3, and Hmox1, indicating their 

coordinated role in maintaining oxidative homeostasis (Fig. 17B). These findings suggest that Q3G 

alleviates stress-induced mitochondrial dysfunction by preserving mitochondrial gene expression, 

supporting energy metabolism, and reducing oxidative damage. Stress significantly downregulated 

 

 

Figure 17. Quercetin-3-

glucoside pretreatment 

reverses stress-induced 

alteration of antioxidant 

gene expression. (A) 

Transcriptomic analysis 

(fold change cut off of 1.2) 

showing relative mRNA 

expression levels of key 

antioxidant and redox-

regulatory genes in gastric 

tissues from stress-exposed 

(STR) and quercetin-3-

glucoside-treated stressed 

(SQG) rats. (B) Protein-

protein interaction (PPI) 

network of antioxidant 

defence proteins derived 

from the STRING database 

(https://string-db.org/).  
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genes involved in mitochondrial DNA maintenance (Mgme1, Polq, Tfam), RNA metabolism (Mterf1, 

Tfb1m, Tfb2m, Trmt10c), and translation (Mrpl35, Mrps16, Mrps18c), as revealed by heatmap 

analysis. However, Q3G treatment restored their expression toward control levels (Fig. 18A). To further 

explore the role of Q3G in mitochondrial function, we analyzed its impact on mitochondrial biogenesis. 

Immunoblot analysis further confirmed that stress exposure significantly reduced the expression of key 

mitochondrial biogenesis regulators PGC1α, NRF1, and TFAM, all of which were markedly restored 

following Quercetin 3-glucoside (Q3G) treatment (Fig. 18B).  
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Stress-induced mitochondrial dysfunction severely impaired fatty acid β-oxidation and overall 

metabolic homeostasis. Heatmaps revealed that stress downregulated key genes involved in fatty acid-

CoA synthesis (Acaca, Acacb) and fatty acid oxidation (Cpt1a, Cpt2, Hadha, Hadb), whereas Q3G 

treatment upregulated these genes, promoting efficient fatty acid metabolism (Fig.  19A). Similarly, 

Q3G restored amino acid metabolism (Aass, Acat1, Aldh5a1) (Fig.  19C) and glucose metabolism 

(Aldoa, Pck2, Pgm2) (Fig.  19D), as shown in heatmap analysis. Furthermore, ATP production, which 

was significantly reduced under stress conditions, was effectively restored by Q3G pre-treatment (Fig. 

19B).  

Figure 18. Protective effects of quercetin-3-glucoside (Q3G) against stress-induced mitochondrial 

dyshomeostasis. (A) Heatmap of a subset of DEGs showing differentially expressed genes involved in 

mitochondrial DNA maintenance, mRNA metabolism, and translation in stress (STR) and Q3G + stress 

(SQG) conditions, as checked by transcriptome sequencing and analysed using an FC cut-off of 1.2. (B)  

Immunoblots of mitochondrial biogenesis markers PGC1α, NRF1, and TFAM. Actin was used as the loading 

control; representative blots are presented below the bar graph. Data are presented as mean ± SD, n = 5. 

Relative expression values are presented as fold change relative to control wherein expression value 

corresponding to control are considered as 1-fold. *P < 0.05, **P < 0.01 compared to control; #P< 0.05 ##P < 

0.01 compared to stress and calculated using one-way ANOVA followed by Bonferroni's post hoc test. The 

number of independent experiments is 3  
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Figure 19. Quercetin-3-glucoside (Q3G) pre-treatment prevents detrimental alteration in gene 

expression profiles associated with metabolic pathways and bioenergetic crisis (A) Heatmap showing a 

subset of differential expression of genes involved in fatty acyl CoA synthesis and fatty acid oxidation in stress 

(STR) and Q3G + stress (SQG)samples as checked by transcriptome sequencing and analysed using a fold 

change cut off of 1.2. Differential gene expression is represented using a colour gradient with red indicating 

upregulation and blue indicating downregulation. (B) Gastric mucosal ATP content. (C) Heatmap of a subset 

of differential expression of genes illustrating the restoration of amino acid metabolism by Q3G pre-treatment 

in stress-exposed rats. (D) Heatmap of a subset of differential expression of genes showing the effect of Q3G 

pre-treatment on glucose metabolism, including glycolysis and gluconeogenesis, in the stress sample. Data 

(B) presented as mean ± SD, n = 5. ***P < 0.001 compared to control; ###P < 0.001; compared to stress; one-

way ANOVA followed by Bonferroni's post hoc test. The number of independent experiments is 3 
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3.13. Olanzapine pretreatment protects against stress-induced gastric injury and mitochondrial 

dysfunction by restoring biogenesis and ATP production 

 

 

As a second therapeutic strategy, central modulation of stress perception was explored to target 

upstream neuroendocrine signalling. Olanzapine, a centrally acting atypical antipsychotic, was 

employed to suppress stress-induced activation of the hypothalamic-pituitary-adrenal (HPA) axis and 

mitigate downstream molecular and mitochondrial dysfunction associated with gastric mucosal injury. 

Olanzapine effectively mitigates stress-induced corticosterone elevation, gene expression changes, and 

mitochondrial dysfunction. Stress (Str) significantly increased serum corticosterone levels compared to 

the control (Con) group, while olanzapine treatment (Ola + Str) significantly reduced corticosterone 

levels, indicating its protective effect against stress-induced hormonal dysregulation (Fig. 20A). 

Additionally, stress markedly upregulated Klf15 and Fbxo32, genes associated with GR-activated 

protein degradation, whereas olanzapine treatment significantly reduced the expression of both genes, 

suggesting its role in preventing stress-induced molecular changes (Fig. 20B). Furthermore, 

immunoblot analysis demonstrates that stress significantly reduced the expression of PGC1α and 

TFAM, key regulators of mitochondrial biogenesis, while olanzapine treatment restored their levels, 

indicating its role in maintaining mitochondrial integrity (Fig. 21A). Functionally, ATP content, a 

marker of mitochondrial activity, was significantly reduced under stress conditions, but olanzapine 

treatment significantly restored ATP levels (Fig. 21B), suggesting its ability to improve mitochondrial 

function under stress. These findings highlight the potential of olanzapine in alleviating stress-induced 

physiological and molecular alterations. 

 

 

Figure 20. Olanzapine reduces stress-induced elevation of corticosterone and glucocorticoid receptor 

target gene expression. (A) Serum corticosterone levels (fold relative to control) in control (Con), stress (Str), 

and olanzapine-treated stress (Ola + Str) groups. (B) Gene expression analysis of Klf15 and Fbxo32 in gastric 

mucosal tissues from (Con), (Str), and (Ola + Str) by qPCR. Bar graphs indicate fold change in gene expression 

relative to control (after normalization with Gapdh). Data presented as mean ± SD, n = 5. Relative expression 

values are presented as fold change relative to control, wherein the expression value corresponding to control 

is considered as 1-fold. **P < 0.01 compared to control; ##P < 0.01; compared to stress; one-way ANOVA 

followed by Bonferroni's post hoc test. The number of independent experiments is 3. 
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3.14. RU486 alleviates stress-induced catabolic gene expression and restores mitochondrial function 

 

 

As the third therapeutic approach, direct antagonism of glucocorticoid receptor (GR) signalling was 

employed to block downstream molecular mediators of stress-induced gastric injury. RU486 

Figure 21. Olanzapine restores mitochondrial biogenesis and prevents stress-induced mitochondrial 

dysfunction. (A) Immunoblot analysis of mitochondrial biogenesis markers PGC1α and TFAM in control 

(Con), stress-exposed (Str), and olanzapine-treated stress (Ola+Str) groups. Actin was used as a loading 

control. Relative expression values are presented as fold change relative to control wherein the expression 

value corresponding to control is considered as 1-fold.  (B) ATP content in gastric mucosal tissue.  Data 

presented as mean ± SD, n = 5. *P < 0.05, **P < 0.01, ***P < 0.001 compared to control; ##P < 0.01; compared 

to stress; one-way ANOVA followed by Bonferroni's post hoc test. The number of independent experiments 

is 3. 

 

Figure 22. RU486 prevents stress-induced upregulation of Klf15 and Fbxo32 without affecting serum 

corticosterone levels. (A) Serum corticosterone levels (fold relative to control) in Control (Con), Stress (Str), 

and RU486 + Stress (RU486 + Str) groups. (B) Gene expression analysis of Klf15 and Fbxo32 in gastric 

mucosal tissues from (Con), (Str), and (RU486 + Str) by qPCR. Bar graphs indicate fold change in gene 

expression relative to control (after normalization with Gapdh). Data presented as mean ± SD, n = 5. Relative 

values are presented as fold change relative to control wherein expression values corresponding to control are 

considered as 1-fold.  *P < 0.05, **P < 0.01 compared to control; #P < 0.05, ##P < 0.01; compared to stress; one-

way ANOVA followed by Bonferroni's post hoc test.  ns: non-significant. The number of independent 

experiments is 3. 
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(mifepristone), a competitive GR antagonist, was used to inhibit the GR–KLF15–FBXO32 axis, aiming 

to prevent proteolytic degradation of mitochondrial regulatory proteins and restore mitochondrial 

biogenesis and function under acute stress conditions. RU486 was used to treat rats 30 min before the 

stress exposure. Serum corticosterone levels were markedly increased in the stress (Str) group compared 

to the control. However, RU486 treatment (Ru486 + Str) did not significantly reduce corticosterone 

levels (Fig. 22A), indicating that the glucocorticoid receptor antagonist did not alter systemic 

corticosterone secretion under stress conditions rather chemically modulated the GR activation. Despite 

this, RU486 effectively suppressed the stress-induced upregulation of Klf15 and Fbxo32, two key genes 

involved in protein degradation (Fig. 22B) by chemically blocking glucocorticoid receptor activation. 

Klf15 expression was significantly elevated in the stress group but markedly reduced with RU486 

treatment. Similarly, Fbxo32 expression was markedly reduced in the RU486-treated rats compared to 

stress.  

 

 

These findings suggest that RU486 prevents the activation of stress-induced catabolic pathways at the 

transcriptional level, independent of circulating corticosterone levels, through direct inhibition of 

glucocorticoid receptor signalling. Stress (Str) significantly reduced the expression of PGC1α and 

TFAM, key regulators of mitochondrial biogenesis, compared to the control (Con) group. However, 

RU486 treatment (Ru486 + STR) restored PGC1α and TFAM levels, indicating its protective effect 

against stress-induced impairment of mitochondrial biogenesis (Fig. 23A). Significant decrease in ATP 

content was observed in the gastric mucosa of stressed rats, indicating mitochondrial impairment, while 

RU486 treatment significantly restored ATP levels, suggesting its protective role in preserving 

mitochondrial function under stress conditions. 

 

4. DISCUSSION 

This study elucidates the complex interplay between acute psychological stress and gastric 

mitochondrial dysfunction, emphasizing the pivotal role of the PGC1α-NRF1-TFAM axis in 

maintaining mitochondrial biogenesis and oxidative metabolism. PGC1α (peroxisome proliferator-

Figure 23. RU486 prevents stress-induced mitochondrial dysfunction and restores mitochondrial 

biogenesis. (A) Immunoblots of PGC1α and TFAM in tissues from Control (Con), Stress (Str), and RU486 + 

Stress (RU486 + Str) samples. Actin was used as a loading control. Relative expression values are presented 

as fold change relative to control, wherein the expression value corresponding to control is considered as 1-

fold.  (B) Tissue ATP content. Data presented as mean ± SD, n = 5. *P < 0.05, **P < 0.01, ***P < 0.001 compared 

to control; #P < 0.05, ###P < 0.001 compared to stress; and calculated using one-way ANOVA followed by 

Bonferroni's post hoc test.  ns: non-significant. The number of independent experiments is 3.      
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activated receptor gamma coactivator 1-alpha) regulates mitochondrial biogenesis by activating nuclear 

respiratory factor 1 (NRF1), which in turn induces the expression of mitochondrial transcription factor 

A (TFAM) (42). TFAM is a critical regulator of mitochondrial DNA transcription, replication, and 

overall mitochondrial function(43,44). Under stress conditions, the observed suppression of PGC1α 

correlates with reduced NRF1 and TFAM expression, leading to impaired mitochondrial biogenesis and 

bioenergetic failure. Our integrative approach, encompassing transcriptomics, metabolomics, 

mitochondrial function assays, and pharmacological interventions, systematically demonstrates that 

stress disrupts mitochondrial homeostasis, leading to bioenergetic failure, oxidative stress 

amplification, and cellular damage in the gastric mucosa. Transcriptome analysis and qPCR studies 

revealed significant downregulation of genes encoding electron transport chain (ETC) components, 

including those of complexes I-IV, along with suppressed expression of mitochondrial biogenesis 

regulators such as NRF1 and TFAM. These transcriptomic alterations were accompanied by metabolic 

perturbations, including ATP depletion, impaired lipid metabolism, and energy homeostasis disruption, 

as identified by metabolomics profiling. Mitochondrial functional assays, including JC-1 and ATP 

measurements, confirmed a loss of mitochondrial integrity and reduced bioenergetic capacity in stress-

exposed gastric tissues. Disruption of the electron transport chain (ETC) function was demonstrated by 

reduced ATP synthesis and downregulation of core oxidative phosphorylation (OXPHOS) genes, 

reflecting impaired mitochondrial energy metabolism and elevated reactive oxygen species (ROS) 

generation. A significant aspect of this study was the role of glucocorticoid receptor (GR) signalling in 

stress-induced gastric mucosal injury. Acute mental stress triggers GR-induced upregulation of KLF15 

and FBXO32, which are involved in ubiquitin-mediated proteasomal degradation. This accelerates the 

turnover of mitochondrial regulatory proteins, directly impairing mitochondrial function, elevating 

reactive oxygen species (ROS) production, and reducing ATP synthesis. This study also demonstrates 

that stress-induced reactive oxygen species (ROS) accumulation and phosphatidic acid (PA) buildup 

act as key mediators of oxidative damage and apoptosis in gastric mucosal epithelial cells. 

Mitochondrial energy metabolism impairment was further amplified by excessive oxidative stress, as 

indicated by the upregulation of Hmox1 and Nrf2, redox-sensitive genes that mediate oxidative stress 

responses. While NRF2 activation is often a protective mechanism, its failure to alleviate oxidative 

stress in this study suggests that prolonged stress exposure overwhelms mitochondrial antioxidant 

defences. Upregulation of Klf9, a common target of glucocorticoid receptor and NRF2, further 

amplified oxidative stress, reinforcing redox imbalance and exacerbating mitochondrial dysfunction. 

The sustained oxidative stress, coupled with mitochondrial bioenergetic deficits, contributed to 

increased apoptotic signalling, as indicated by BAX upregulation and Bcl-xL downregulation in 

stressed tissues. Pathway analysis and disease-function further highlighted significant enrichment in 

‘NRF2-mediated oxidative stress response,’ ‘death receptor signalling,’ ‘glucocorticoid receptor 

signalling,’ pathways, and ‘apoptosis’ as associated functions, reinforcing the role of mitochondrial 

oxidative damage in stress-induced gastric injury. Lipid peroxidation likely contributed to phosphatidic 

acid accumulation, further exacerbating mitochondrial dysfunction through ROS amplification. Due to 

the overwhelming accumulation of dysfunctional mitochondria and the resultant excessive oxidative 

stress, the capacity for cellular rescue is critically impaired, rendering the recovery of damaged gastric 

mucosal cells unfeasible. Consequently, programmed cell death pathways, particularly apoptosis, are 

activated, culminating in severe gastric tissue injury.  

To explore potential gastroprotective strategies, the potential gastroprotective effects of quercetin-3-

glucoside (Q3G), olanzapine, and RU486 against stress-induced gastric mucosal injury were evaluated. 

Quercetin-3-glucoside (Q3G), a glycosylated derivative of the flavonoid quercetin, was evaluated for 

its potent antioxidant and mitochondrial-protective properties. Q3G exhibited strong gastroprotective 

effects, showing antioxidant effects, restoring mitochondrial functions, and preserving mitochondrial 
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integrity. Mechanistically, Q3G preserved mitochondrial membrane potential, restored both nuclear and 

mitochondrial-encoded gene expression involved in oxidative phosphorylation and biogenesis, and 

reduced oxidative stress markers such as Hmox1 and Klf9. Its strong gastroprotective efficacy and 

favorable safety profile support its potential as an antioxidant-based therapeutic agent for stress-related 

gastrointestinal disorders. Olanzapine, a centrally acting atypical antipsychotic, was administered to 

attenuate the upstream perception of psychological stress. Olanzapine pretreatment significantly 

reduced stress-induced serum corticosterone elevation and ameliorated transcriptional dysregulation of 

stress-responsive pathways. This intervention led to partial restoration of mitochondrial function, 

including stabilization of membrane potential and ATP production. Notably, olanzapine reduced the 

gastric injury index to 14 ± 4 (P < 0.001 vs. stress), indicating a substantial protective effect. However, 

the clinical application of olanzapine is constrained by its sedative properties and long-term metabolic 

side effects. Despite these limitations, its efficacy in this model highlights the therapeutic potential of 

targeting central stress circuits to achieve peripheral cytoprotection. RU486 (mifepristone), a 

competitive antagonist of the glucocorticoid receptor, emerged as the most effective intervention in 

mitigating stress-induced mucosal pathology. Acute psychological stress elevates systemic 

corticosterone levels, leading to GR activation and transcriptional upregulation of KLF15 and FBXO32, 

components of a proteasomal degradation axis implicated in mitochondrial destabilization and tissue 

injury. RU486 pretreatment significantly suppressed this GR–KLF15–FBXO32 signaling cascade, 

thereby preserving mitochondrial regulatory proteins and preventing bioenergetic collapse. 

Functionally, RU486 restored mitochondrial biogenesis, normalized ATP levels, and maintained 

epithelial integrity. Histological and macroscopic assessments confirmed substantial protection, with a 

marked reduction in gastric injury index (12 ± 2; P < 0.001 vs. stress) and preserved gastric architecture. 

These findings underscore the pivotal role of GR signaling in mediating stress responses and validate 

GR antagonism as a potent therapeutic strategy for preventing stress-induced gastric mucosal injury. 

These results collectively highlight the potential of a multifaceted therapeutic approach for stress-

induced gastric mucosal injury. Quercetin-3-glucoside (Q3G) demonstrated strong antioxidant efficacy, 

while RU486 effectively blocked stress-activated glucocorticoid signaling pathways implicated in 

mitochondrial dysfunction and proteasomal degradation. The promising protective effects observed for 

each agent suggest that a combination therapy, or a novel hybrid molecule integrating the antioxidant 

capacity of Q3G with the glucocorticoid receptor antagonism of RU486, could serve as an innovative 

mitochondrial-targeted intervention for stress-related gastropathies. This approach promotes the 

development of next-generation cytoprotective treatments that integrate metabolic, mitochondrial, and 

neuroendocrine regulation. 

 

5. CONCLUSION 

This study delineates a comprehensive mechanistic framework underlying acute mental stress-induced 

gastric injury, with a central emphasis on mitochondrial dysfunction mediated through the disruption 

of the PGC1α-NRF1-TFAM signalling axis. Integrative multi-omics and functional analyses reveal that 

stress-induced suppression of mitochondrial biogenesis and oxidative phosphorylation leads to 

significant bioenergetic deficits, increased oxidative stress, and activation of apoptotic signalling in 

gastric mucosal cells. The critical involvement of glucocorticoid receptor (GR) signalling, particularly 

via the GR–KLF15–FBXO32 axis, further underscores the nexus between neuroendocrine stress 

responses and mitochondrial destabilization. The convergence of impaired mitochondrial biogenesis, 

dysregulated mitochondrial gene expression, and persistent redox imbalance drives progressive cellular 

dysfunction, ultimately leading to irreversible epithelial injury and the loss of gastric mucosal integrity. 



Mitochondrial dysfunction in stress-induced gastropathy 

117 
 

Therapeutic intervention studies elucidate distinct modes of cytoprotection. Quercetin-3-glucoside 

(Q3G) alleviates oxidative damage through robust antioxidant and mitochondrial-stabilizing actions, 

while olanzapine attenuates upstream neuroendocrine activation, partially restoring mitochondrial 

functionality. Notably, RU486 emerges as the most potent agent, effectively abrogating GR-mediated 

transcriptional cascades and preserving mitochondrial bioenergetics and tissue architecture. These 

findings collectively establish mitochondrial quality control as a critical determinant of gastric mucosal 

resilience under stress and substantiate GR antagonism as a compelling therapeutic avenue. Importantly, 

the translational implications of this work extend beyond monotherapies. The potential synergy between 

antioxidant strategies and GR antagonism suggests that combinatorial or hybrid therapeutic platforms, 

such as a molecule integrating the antioxidant efficacy of Q3G with the receptor specificity of RU486, 

may offer a paradigm shift in the management of stress-induced gastropathies. This study thus provides 

a foundational basis for future research aimed at developing mitochondria-centered, neuroendocrine-

modulating cytoprotective therapies for stress-related gastrointestinal disorders. 
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SUMMARY OF THE WORK 

Mental stress has a profound impact on gastric health, which includes gastric mucosal ulceration, 

hyperacidity, and associated gastric complications, collectively called gastropathy. However, the 

molecular mechanisms of how mental stress imparts gastropathy are not very clear. This work 

investigated the molecular and subcellular events in acute stress-induced gastropathy using a rat model 

of acute stress. This study identified that mental stress impairs the electron transport chain (ETC) and 

mitochondrial biogenesis in the gastric mucosa, leading to disruption in ATP production and 

mitochondrial homeostasis. Impaired ETC function further led to excessive production of reactive 

oxygen species (ROS), exacerbating oxidative stress and contributing to mitochondrial damage.  

Induction of cold-restraint stress on rats led to downregulation of mitochondrial biogenesis regulators, 

including PGC-1α, NRF1, and TFAM, resulting in bioenergetic failure and associated gastric mucosal 

damage. The study also revealed that stress-induced activation of the glucocorticoid receptor (GR) 

pathway led to ubiquitination-mediated degradation of PGC-1α, resulting in compromised 

mitochondrial function, impaired mitochondrial biogenesis, and disrupted lipid metabolism. Elevated 

corticosterone levels and altered expression of key catabolic genes, such as Klf15 and Fbxo32, 

contributed to mitochondrial dysfunction, reinforcing the connection between stress and impaired 

gastric energy metabolism. To counteract the mitochondrial and metabolic dysfunction induced by acute 

psychological stress, this study systematically evaluated three mechanistically distinct therapeutic 

strategies: (1) antioxidant supplementation using quercetin-3-glucoside (Q3G), (2) central modulation 

of stress perception through the administration of olanzapine, and (3) direct antagonism of 

glucocorticoid receptor (GR) signalling via RU486. Q3G, a bioavailable antioxidant flavonoid, 

significantly restored the expression of genes involved in oxidative phosphorylation, fatty acid 

oxidation, and glucose metabolism, as confirmed by transcriptomic and qRT-PCR analyses. It preserved 

mitochondrial function by stabilizing key regulatory proteins such as PGC-1α and TFAM. Olanzapine 

effectively attenuated systemic corticosterone elevation and suppressed GR-driven catabolic gene 

expression (Klf15, Fbxo32), partially restoring mitochondrial biogenesis and ATP production. RU486, 

a competitive GR antagonist, offered the most robust protection by directly blocking GR-mediated 

transcriptional pathways, thereby preserving mitochondrial bioenergetic function despite elevated 

corticosterone levels. Collectively, these interventions highlight the therapeutic potential of targeting 

mitochondrial integrity, redox homeostasis, and neuroendocrine stress pathways in the prevention of 

stress-induced gastric mucosal injury.  

In conclusion, this study provides novel insights into the molecular mechanisms underlying stress-

induced gastropathy while emphasizing mitochondrial dysfunction as a central contributor of gastric 

injury. By demonstrating that stress disrupts mitochondrial biogenesis, ETC function, and metabolic 

homeostasis, the findings reinforce the importance of targeting mitochondrial pathways in stress-related 

gastric disorders. Importantly, the study highlights the therapeutic promise of three targeted intervention 

strategies: antioxidant supplementation with Q3G, central modulation of stress perception via 

olanzapine, and direct inhibition of GR signalling using RU486. This research work paves the way for 

innovative strategies to combat stress-induced gastric disorders. By shedding light on mitochondria-

targeted therapies, it opens new avenues for the development of cutting-edge interventions that could 

revolutionize the treatment of stress-related gastrointestinal diseases.  
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Background and Purpose: Mitochondrial oxidative stress, inflammation and apopto-

sis primarily underlie gastric mucosal injury caused by the widely used non-steroidal

anti-inflammatory drugs (NSAIDs). Alternative gastroprotective strategies are there-

fore needed. Sirtuin-3 pivotally maintains mitochondrial structural integrity and

metabolism while preventing oxidative stress; however, its relevance to gastric injury

was never explored. Here, we have investigated whether and how sirtuin-3 stimula-

tion by the phytochemical, honokiol, could rescue NSAID-induced gastric injury.

Experimental Approach: Gastric injury in rats induced by indomethacin was used to

assess the effects of honokiol. Next-generation sequencing-based transcriptomics

followed by functional validation identified the gastroprotective function of sirtuin-3.

Flow cytometry, immunoblotting, qRT-PCR and immunohistochemistry were used

measure effects on oxidative stress, mitochondrial dynamics, electron transport chain

function, and markers of inflammation and apoptosis. Sirtuin-3 deacetylase activity

was also estimated and gastric luminal pH was measured.

Key Results: Indomethacin down-regulated sirtuin-3 to induce oxidative stress, mito-

chondrial hyperacetylation, 8-oxoguanine DNA glycosylase 1 depletion, mitochon-

drial DNA damage, respiratory chain defect and mitochondrial fragmentation leading

to severe mucosal injury. Indomethacin dose-dependently inhibited sirtuin-3 deace-

tylase activity. Honokiol prevented mitochondrial oxidative damage and inflamma-

tory tissue injury by attenuating indomethacin-induced depletion of both sirtuin-3

and its transcriptional regulators PGC1α and ERRα. Honokiol also accelerated gastric

wound healing but did not alter gastric acid secretion, unlike lansoprazole.

Conclusions and Implications: Sirtuin-3 stimulation by honokiol prevented and

reversed NSAID-induced gastric injury through maintaining mitochondrial integrity.

Abbreviations: 8-oxo-dG, 8-oxo-7,8-dihydro-20-deoxyguanosine; DEG, differentially expressed gene; ERRα, oestrogen-related receptor α; ETC, electron transport chain; i.g., intragastric; II, injury

index; MFN, mitofusin; MOS, mitochondrial oxidative stress; NRF2, nuclear factor erythroid 2-related factor 2; NSAIDs, non-steroidal anti-inflammatory drugs; OGG1, 8-oxoguanine DNA

glycosylase 1; OPA1, optic atrophy 1; PGC1α, peroxisome proliferator-activated receptor-gamma coactivator 1-alpha; PPI, proton pump inhibitor; RIN, RNA integrity number; Sirt3, sirtuin-3;

SOD2, superoxide dismutase; TBS, Tris-buffered saline; ΔΨm, mitochondrial transmembrane potential.
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Honokiol did not affect gastric acid secretion. Sirtuin-3 stimulation by honokiol may

be utilized as a mitochondria-based, acid-independent novel gastroprotective strat-

egy against NSAIDs.

K E YWORD S

apoptosis, gastric injury, honokiol, mitochondria, non-steroidal anti-inflammatory drugs,
Sirtuin-3

1 | INTRODUCTION

Non-steroidal anti-inflammatory drugs (NSAIDs) are widely used for

managing diverse inflammatory disorders (Crofford, 2013; Ong

et al., 2007). Furthermore, drug repurposing studies have shown

NSAIDs to exhibit potent anticancer activities, as long-term NSAID

users have a relatively lower risk of developing cancers in the GI tract,

breast, prostate and lung (Cuzick et al., 2009; Kazberuk et al., 2020;

Khoo et al., 2019). In spite of such a wide spectrum of therapeutic

utility, prolonged usage of NSAIDs appears risky owing to their toxic

effects on multiple organs, with the GI tract being the most severely

affected (Bindu et al., 2020; Sostres et al., 2013). Therefore, precise

knowledge about the subcellular target(s) of NSAIDs is crucial for

optimizing their clinical usage while rationally avoiding their toxicity.

NSAIDs are standard cyclooxygenase 1/2 (COX1/2) inhibitors (Bindu

et al., 2020; Whittle, 2000), although COX-independent effects are

equally shown (Gurpinar et al., 2013; Gurpinar et al., 2014;

Kolawole & Kashfi, 2022; Liggett et al., 2014). In this regard, mito-

chondrial oxidative stress (MOS) and intrinsic apoptosis constitute the

major COX-independent NSAID actions, accounting for gut mucosal

injury (Matsui et al., 2011). NSAIDs directly target mitochondria to

jeopardize mitochondrial metabolism (Aminzadeh-Gohari et al., 2020;

Bindu et al., 2020; Krause et al., 2003; Mazumder et al., 2022;

Sandoval-Acuna et al., 2012; Suzuki et al., 2010). Therefore, it is logi-

cal that endogenous cytoprotective factors would promptly respond

to combat the stress.

Mitochondrial antioxidants such as superoxide dismutase (SOD2)

and the base excision repair enzyme, 8-oxoguanine DNA glycosylase

1 (OGG1), as well as mitochondrial electron transport chain (ETC)

complex proteins and mitochondria-resident key enzymes in meta-

bolic pathways, are regulated by deacetylation (Mazumder

et al., 2020; Murugasamy et al., 2022; Zhang et al., 2020). Moreover,

mitochondrial structural dynamics regulating outer membrane fusion

GTPase, optic atrophy 1 (OPA1) and the master regulator of mito-

chondrial biogenesis, PPAR-γ coactivator 1α (PGC1α) are also stabi-

lized by deacetylation. Such deacetylation is carried out by the NAD+-

dependent class III histone deacetylase sirtuin-3 (Sirt3), functioning as

a gatekeeper of mitochondrial integrity against stress (H. S. Kim

et al., 2010; Mazumder et al., 2020). Thus, in Sirt3 knockout

(KO) mice, there is a marked increase in acetylated mitochondrial pro-

teins (Murugasamy et al., 2022). Further, Sirt3 depletion has been

observed in several organ pathologies (Mao et al., 2022; Morigi

et al., 2015; Pillai et al., 2015; Sun et al., 2020). However, there is no

report about any involvement of Sirt3 in NSAID-induced GI pathology

or whether Sirt3 can be targeted as a possible gastroprotective

strategy.

We therefore used an unbiased forward approach of target min-

ing by next-generation sequencing of the gastric transcriptome in

NSAID-treated rats. Interestingly, Sirt3 appeared as a prominent lead,

and specific stimulation of Sirt3, by the phyto-polyphenol honokiol

clearly prevented NSAID-induced mitochondrial damage and gastro-

pathy without affecting basal gastric acid secretion, unlike existing

anti-ulcer compounds. We compared the efficacy of intraperitoneal

(i.p.) with that of intragastric (i.g.) administration of honokiol and

found that a much lower dose was sufficient to provide significant

What is already known

• Despite their gastrodamaging side-effects, NSAIDs

appear unavoidable owing to their anti-inflammatory

effects in diverse pathologies.

• NSAIDs target mitochondria, COX-independently, induc-

ing apoptosis. However, precise sub-mitochondrial target

(s) of NSAIDs are not known.

What does this study add

• Sirt3 is a new target of NSAIDs which is down-regulated

during development of gastric injury.

• Honokiol-induced Sirt3 stimulation prevents indometha-

cin-induced mitochondrial pathology and inflammatory

gastric injury without affecting acid secretion.

Clinical significance

• Sirt3 is a non-canonical COX-independent target of

NSAIDs to induce gastric mucosal injury.

• Sirt3 stimulation represents a promising gastroprotective

strategy that may benefit NSAIDs usage bypassing their

side-effects.
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gastroprotection when administered i.p. Further, we extensively

investigated the specific mitoprotective mode of action of honokiol in

the gastric mucosa of NSAID-treated rats. Our findings identify Sirt3

as a hitherto unreported, dominant gastroprotective target, while

revealing the potency of honokiol as a new generation gastroprotec-

tive agent. These findings will certainly provide novel therapeutic

insights into NSAID-based treatment modalities, in which targeted

stimulation of Sirt3 may help to avoid the toxic effects of NSAIDs,

while strategically optimizing the benefits.

2 | METHODS

2.1 | In vivo model of NSAID-induced gastric
mucosal damage

All animal care and experimental procedures were carried out with

strict adherence to the approved guidelines of ARRIVE and the institu-

tional animal ethics committee, registered with the Committee for the

Purpose of Control and Supervision of Experiments on Animals

(CPCSEA), India (Permit No. 147/1999/CPCSEA). Utmost care was

taken to minimize the pain and suffering of the rats during experimen-

tal handling. Animal studies are reported in compliance with the

ARRIVE guidelines (Percie du Sert et al., 2020) and with the

recommendations made by the British Journal of Pharmacology (Lilley

et al., 2020).

Sprague–Dawley rats (180–220 g) were provided by the institu-

tional animal facility of CSIR-Indian Institute of Chemical Biology. Ani-

mals were maintained at 24 ± 2�C with 12-h light–dark cycles and

provided with standard rat chow and ad libitum access to water.

Before the experiments, the rats were subjected to fasting for 24 h

with free access to water. Rats of either sex were used for all in vivo

experiments. However, in any specific experiment, rats from only a

single sex have been used.

Gastric mucosal injury was induced by NSAIDs given by oral

administration. Indomethacin (48 mg�kg�1) was dissolved in distilled

water supplemented with minimal volumes of alkali (Na2CO3), as men-

tioned previously (Bindu et al., 2013; Mazumder et al., 2019). The pH

of the resultant solution was checked before administration. Diclofe-

nac (75 mg�kg�1 ) and ibuprofen (400 mg�kg�1) were obtained as

sodium salts and hence dissolved in distilled water; aspirin

(400 mg�kg�1) was administered as suspension in 1% carboxymethyl-

cellulose, as mentioned previously (Ghori et al., 2016;

Maharani, 2022; Mazumder et al., 2016; Raghavendran et al., 2011). A

separate group of rats (n = 5) were also treated with vehicles (1% car-

boxymethylcellulose or alkaline water). No detectable gastric mucosal

injury was observed. The gastric injury was allowed to develop, and

after 4 h, the rats were humanely killed (asphyxiation with >90% CO2

followed by cervical dislocation) and gastric mucosal samples were

collected for subsequent experiments. For the honokiol-induced pro-

tection set (HKL + Indo), rats were pre-treated with honokiol

i.p. (40 mg�kg�1), followed by oral administration of indomethacin

after 30 min. For i.p. administration, honokiol was dissolved in peanut

oil and injected as described previously (Pillai et al., 2015). The ED50

of honokiol was derived from a dose–response study ranging from

5 to 60 mg�kg�1. A separate group of rats (n = 5) were also treated

with the vehicle (peanut oil) followed by oral administration of indo-

methacin. No detectable protection was observed in the vehicle-

treated group, and the extent of mucosal injury was comparable with

that after indomethacin treatment. Honokiol, at different doses

(20, 40, 60 and 80 mg�kg�1 bw), was also given i.g. in a separate

group of rats 30 min prior to indomethacin administration as men-

tioned above, to compare the efficacy of i.p. with that of

i.g. administration. For i.g. administration, honokiol was suspended in

a solution of carboxymethylcellulose sodium salt (0.5%), as described

previously (Wang, Zhai, & Chen, 2018). Gastric injury was allowed to

develop. After 4 h, the rats were humanely killed and the gastric

mucosa examined to determine the injury index (II) scores and com-

parison of efficacy between ip and ig administration of honokiol. A

separate group of rats (n = 5) were treated i.g. with 0.5% carboxy-

methylcellulose solution followed by oral administration of indometh-

acin. No detectable protection was observed in the vehicle-treated

group.

For gastric mucosal wound healing studies, 2 sets of rats (20 rats

per set) were treated with indomethacin and mucosal injury was

allowed to develop for 4 h. After 4 h, 1 set of rats (n = 20) was trea-

ted once with honokiol and samples were collected, after humane kill-

ing, at different time points, namely, 0, 8, 12 and 20 h following

honokiol injection. Thus, 0 h of healing corresponds to 4 h of indo-

methacin treatment when the injury is at the peak. A parallel set of

rats (n = 20) were treated with the vehicle (instead of honokiol) and

maintained in the same way to compare the efficacy of honokiol-

induced healing and spontaneous healing. Vehicle-treated rats were

also used for sample collection at identical time points to that of

honokiol-treated rats. In every group, the number of rats was main-

tained at n = 5.

Scores of mucosal injury (II) were generated by an individual

unaware of the treatment condition, to avoid bias. The II was calcu-

lated as the percentage of the injured area in the stomach formed

by bleeding lesions, blood clots and visible hyperaemia. Mean II was

calculated as the sum of the total scores in each group of rats

divided by the number of rats in that respective group. Tissue sam-

ples for next-generation sequencing and PCR-based gene expression

profiling were preserved by storing in RNAlater (Cat# R0901,

Sigma-Aldrich), whereas tissues for protein expression profiling were

snap-frozen and stored until further use. For mitochondrial prepara-

tion, tissue samples were subjected to subcellular fractionation using

a commercially available mitochondria isolation kit, as described

below.

2.2 | Histological study of gastric mucosa

Semi-thin (5 μm) sections were prepared from buffered formalin-fixed

and paraffin-embedded gastric mucosal tissues. The semi-thin sections

were collected on a glass slide, deparaffinized and passed through

DEBSHARMA ET AL. 2319
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graded solutions of ethanol for double staining with haematoxylin and

eosin. The stained sections were examined under a microscope (Leica

DM-2500, Leica Microsystems, Wetzlar, Germany).

2.3 | Next-generation sequencing-based
transcriptomics

Total RNA sequencing library preparations were generated, using Tru-

Seq Stranded Total RNA Library preparation kit from Illumina. Briefly,

total RNA was isolated from the tissue or cell samples using PureLink

RNA Mini Kit (Thermo Fisher Scientific) following the manufacturer's

guidelines. The starting material was 45 mg of tissue. The quality and

concentration of the isolated RNA samples were checked in Nanodrop

2000 (Thermo Fisher Scientific) and Agilent 2100 Bioanalyzer. Samples

with RNA integrity number (RIN) ≥ 7.0 were subsequently used for

library preparation. An equal amount (200 ng) of RNA from each sample

was first subjected to ribosomal RNA depletion using the Ribo-Zero

Human/Mouse/Rat depletion module of the kit followed by purification

and divalent cation-based fragmentation. The resulting fragments were

purified and subjected to cDNA synthesis, A-tailing and dual index

adapter ligation. The products were subsequently purified and PCR

enriched. The resulting RNA libraries were checked in Agilent 2200

TapeStation (Agilent Technologies), quantified, normalized and sub-

jected to equimolar pooling. The pooled libraries were finally loaded on

a sequencing run flow cell (Illumina) and subjected to 100-bp paired-

end massively parallel sequencing in NovaSeq 6000 sequencer

(Illumina). Resulting Bcl files were converted to Fastq files and the data

were subjected to a quality check using FastQC v0.11.7

(Andrews, 2010). This was followed by adapter trimming with Cutadapt

v1.16 (Martin, 2011) using Illumina Universal Adapter. Hisat2 v2.1.0

(Pertea et al., 2016) was used to align the trimmed reads with Rat Rno6

reference genome (for rat samples). Sorting of Bam files was performed

with SAMtools v1.19 (H. Li et al., 2009) Next, gene count was per-

formed with FeatureCounts (Liao et al., 2014) followed by differential

analysis using DESeq2 (Love et al., 2014). Differentially expressed genes

(DEGs) with ≥1.5- or ≤1.5-fold expression change and P value ≤ 0.05

and false discovery rate (FDR) ≤ 0.05 were filtered. Finally, gene-

enrichment and pathway analyses were performed with IPA (Ingenuity

Pathway Analysis) software. For rat gastric mucosal samples, data were

also filtered with ≥1.2- or ≤1.2-fold expression change and

P value ≤ 0.05 and FDR cut-off ≤ 0.05 to include genes regulating mito-

chondrial metabolism and functions. The Gene Expression Omnibus

(GEO) accession number for rat transcriptomic data is GSE201565.

2.4 | Isolation of mitochondria

Mitochondria were isolated from tissue samples using the Mitochon-

dria Isolation Kit (Cat# KC010100, purchased from BioChain) follow-

ing the manufacturer's guidelines. Mitochondrial isolation used here,

in principle, depends on two-step differential centrifugations. The

tissue after mechanical disruption (in hypotonic lysis buffer

supplemented with protease inhibitors) by homogenization is sub-

jected to low-speed centrifugation for removal of precipitated debris,

unfragmented cells and large cellular organelles. Subsequently,

high-speed centrifugation of the supernatant (of the first step) is per-

formed to isolate viable and enzymatically active mitochondria. A pure

mitochondrial fraction is obtained by repeated washing of the final

pellet. In the present study, an equal amount of gastric mucosal tis-

sues (200 mg) from each experimental set was subjected to mitochon-

dria isolation. Mild homogenization of the samples was carried out

with a Dounce homogenizer, on ice. Nuclei and cell debris were

removed by centrifugation at 600 x g for 10 min and the supernatant

was collected, which was further centrifuged at 12,000 x g for 15 min

to obtain the mitochondrial fraction. The mitochondrial pellets were

washed three times in mitochondria isolation buffer, and the resultant

pellets (approximately 99% pure) were either used for respiratory

chain complex and dehydrogenase assays or lysed for immunoblot-

ting, as described earlier (Mazumder et al., 2019).

2.5 | Immunoblot analysis

For immunoblot analysis, total protein was extracted from gastric

mucosal tissues by homogenization of samples in pre-chilled mamma-

lian cell lysis buffer (supplemented with protease and phosphatase

inhibitors), as described previously (Mazumder et al., 2019). Mitochon-

drial extracts were prepared by subcellular fractionation of tissue sam-

ples as mentioned above. For analysis of mitochondrial protein

acetylation, mitochondria isolation and lysis buffers were supplemen-

ted with nicotinamide (50 mM) and trichostatin A (10 μM). Protein

was quantified by Lowry's method, and an equal amount of protein

was loaded in each well of the 10% polyacrylamide–SDS gels and sub-

jected to electrophoresis followed by wet transfer-based immunoblot-

ting using nitrocellulose membrane. Blots were blocked in 5%

skimmed milk or 5% BSA solution followed by incubation in primary

antibodies (Table S1) overnight as per the manufacturer's guidelines.

The blots were washed in Tris-buffered saline (TBS) solution supple-

mented with 0.1% Tween 20 and subsequently incubated in HRP-

conjugated secondary antibody for 2 h at room temperature. The

blots were finally washed in TBS solution supplemented with 0.1%

Tween 20, and immuno-reactive bands were developed in Bio-Rad

ChemiDoc system. Actin and TOM20 were used as the loading con-

trols for total protein and mitochondrial protein, respectively. Densi-

tometric analyses were carried out using ImageJ software, and data

are represented as fold change (FC) relative to control. The experi-

mental procedures provided here conform with the BJP guidelines

(Alexander et al., 2018).

2.6 | Analysis of mitochondrial transmembrane
potential (ΔΨm)

ΔΨm was measured using JC-1. In principle, JC-1 is a cationic

lipophilic dye (naturally showing green fluorescence) that enters
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mitochondria, accumulates there in a concentration-dependent man-

ner and starts forming reversible complexes, known as J aggregates

(exhibiting excitation and emission in the red spectrum, maximum

at �590 nm). Thus, in a healthy cells with mitochondria having nor-

mal ΔΨm, JC-1 enters in mitochondria (negatively charged) and

accumulates there forming red fluorescent J aggregates. On the

contrary, in unhealthy cells or mitochondria, the JC-1 entry is

greatly reduced owing to the loss of mitochondrial transmembrane

electrochemical potential, which renders the mitochondrial inner

membrane less negative. Under this condition, JC-1 fails to reach

its threshold level for the formation of J aggregates, resulting in the

maintenance of its monomeric, green fluorescent state. In the pre-

sent study, ΔΨm was measured in the mitochondria isolated from

control and treated stomachs, using a F-7000 Fluorescence

Spectrophotometer (Hitachi High-Technologies Corporation). Equal

amounts of mucosal tissue from each sample were used for

mitochondria isolation followed by protein estimation to use equal

amounts of mitochondria for ΔΨm analysis. Mitochondria were

incubated in darkness for 15 min in 500 μl of ATP-supplemented

JC-1 assay buffer containing 300 nM of JC-1. A single-excitation–

dual-emission format was used for analysing JC-1 monomers and

aggregates at 530 and 590 nm, respectively. ΔΨm was expressed

as fluorescence ratio of 590 nm/530 nm, as described previously

(Mazumder et al., 2019).

2.7 | Measurement of ATP content

ATP content of gastric mucosal tissue was measured to follow the

bioenergetic state of the mucosal cells upon treatment with indo-

methacin. Because tissue ATP production is mostly attributed to

functional mitochondria with integrity, depletion in ATP would

reflect mitochondrial dysfunction and resultant bioenergetic deficit

of the affected tissue. ATP determination kit (A22066; Thermo

Fisher Scientific) was used to measure gastric mucosal ATP level in

control and treated rats by following the manufacturer's instructions.

This is a bioluminescence-based assay kit and it contains recombi-

nant firefly luciferase and its substrate D-luciferin. The principle of

the assay is based upon the ATP requirement of luciferase enzyme

for the production of the light (emission maximum of �560 nm at

pH 7.8). The greater the amount of ATP present in the tissue

extract, the greater the amount of light emitted from the reaction,

as follows.

Briefly, an equal amount of tissue (50 mg) from each sample was

minced and lysed in 5% sulfosalicylic acid solution (for sample depro-

teinization). The lysates were centrifuged at 12,000 x g and the super-

natants were used for ATP measurement in a luminometer (BioTek).

The values were normalized by protein concentrations of the

respective samples, as described previously (De et al., 2017;

Mazumder et al., 2016).

2.8 | RNA isolation and quantitative real-time PCR
(qRT-PCR)

Total RNA was isolated by using TRIzol (Thermo Fisher Scientific), fol-

lowing the manufacturer's protocol, and estimated using Maestrogen

Spectrophotometer (MaestroGen Inc., Taiwan). The obtained total

RNA (2 μg) was reverse transcribed with oligo-dT18 primer using

RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Fisher

Scientific) followed by rDNAse treatment. The resultant cDNAs were

used for qPCR after proper dilution by using primers (Table S2)

obtained from Integrated DNA Technologies Inc. (San Diego, CA, USA).

The Roche LightCycler 96 qPCR system was used for performing

the qPCR by using SYBR green mastermix (Roche) in following the

as-mentioned cycle conditions: initial denaturation temperature at

95�C/10 min followed by 40 cycles of denaturation at 95�C/15 s,

annealing (at indicated annealing temperatures; Table S2) for 30 s and

extension at 72�C/25 s. Relative gene expression was calculated using

2�ΔΔCq method and the data were represented as FC relative to

control, as described previously (De et al., 2017; Dey et al., 2014;

Mazumder et al., 2019). Gapdh was used as the internal control.

2.9 | Determination of Sirt3 deacetylase activity

Sirt3 fluorometric activity assay kit (Abcam, ab156067) was used to

measure deacetylase activity of Sirt3, with or without indomethacin.

The experiment was performed as per the manufacturer's protocol.

Briefly, in presence of increasing concentrations of indomethacin

(100–500 μM), the activity of purified human recombinant Sirt3 was

assessed, taking the kinetic measurement at 2-min intervals till

45 min, in a BioTek Synergy H1 Hybrid Multi-Mode Reader with exci-

tation at 350 nm and emission at 450 nm.

2.10 | Mitochondrial dehydrogenase assay

Mitochondrial metabolic integrity in tissue samples was measured by

analysing mitochondrial dehydrogenase activity, which can reduce

MTT into a purple-coloured formazan that can be solubilized and

quantified spectrophotometrically at 570 nm. An equal amount of

gastric tissue (200 mg) from different experimental sets was used for

mitochondria isolation, and the resultant fractions were incubated in

MTT solution (1 mg�ml�1 in PBS) for 3.5 h at 37�C/5% CO2. Samples

were centrifuged and pellets were solubilized in equal volumes of

anhydrous DMSO. The absorbance of the purple solution was mea-

sured spectrophotometrically at 570 nm, as described previously (De

et al., 2017; Mazumder et al., 2019). Mitochondrial protein from every

fraction was estimated and used for normalization of the ODs corre-

sponding to the respective samples.
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2.11 | Isolation of mtDNA and measurement of
8-oxo-7,8-dihydro-20-deoxyguanosine by ELISA

DNA from the isolated mitochondrial pellets was extracted by the

phenol-chloroform method. Briefly, the mitochondrial pellet was

resuspended in 100 μl of Proteinase K-supplemented lysis buffer and

incubated at 50�C for 3 h, following which 200 μl of phenol-

chloroform was added and mixed thoroughly. The contents were cen-

trifuged at 11,000 x g for 10 minutes at 250C to separate the phases.

The aqueous phase was collected and 200 μl of 7.5-M ammonium

acetate and 500 μl of ethanol were added. The tubes were kept at

�20�C for 2 h. The samples were next centrifuged at 10,000 x g for

30 min. The pellets were washed with 500 μl of 70% ethanol and,

finally, the DNA pellets were dissolved in 30 μl of Tris-EDTA buffer.

The mtDNA was spectrophotometrically estimated. An equal amount

of mtDNA from each experimental set was then taken for assay of

OGG1 activity, by measuring levels of 8-oxo-7,8-dihydro-20-

deoxyguanosine (8-oxo- dG) with a commercially available HT 8-oxo-

dG ELISA Kit II from Trevigen, as described by Bindu et al. (2017).

2.12 | Confocal immunohistochemical analysis

The accumulation of 8-oxo-dG content in gastric mucosal tissue of

Con, Indo and HKL + Indo rats was followed by confocal fluorescent

immunohistochemical analyses. Formalin-fixed and paraffinized tissue

sections were deparaffinized, rehydrated and subjected to antigen

retrieval by heating in sodium citrate buffer. Next, the tissue sections

were blocked with 10% goat serum and 1% BSA in TBS for 2 h. The

tissue sections were incubated overnight in primary antibody solution

containing 8-oxo-dG (anti-DNA/RNA damage antibody) (Table S1).

The slides were washed and incubated in Alexa Fluor 647-tagged

anti-mouse secondary antibody. The slides were again washed.

40,6-Diamidino-2-phenylindole (DAPI) was used for nuclear staining.

The washed slides were mounted in 30% glycerol in PBS and

observed under a microscope. Confocal images were taken in the

Leica TCS-SP8 confocal microscope (Leica Microsystems, Wetzlar,

Germany) using Leica Application Suite X (LAS X) software. All experi-

ments were repeated three times and the confocal images presented

are randomly picked up portions of the gastric mucosal sections.

Image cropping and global adjustments for brightness/contrast were

done in Adobe Photoshop and assembled in CorelDraw X7, as men-

tioned previously (De et al., 2017; Mazumder et al., 2019). The experi-

mental procedure provided herein duly conforms with the BJP

guidelines (Alexander et al., 2018).

2.13 | Detection of mitochondrial superoxide
anion (O2

•�)

MitoSox staining was used to detect the presence of mitochondrial

O2
•� in isolated gastric mucosal cells, as described by De et al.,

(2017). Briefly, gastric mucosal scrapings were washed in pre-warmed

Hanks Balanced Salt Solution (HBSS) and incubated in a pre-aerated

solution containing 100 units�ml�1 penicillin and 100 μg�ml�1 strepto-

mycin supplemented with 0.05% hyaluronidase and 0.1% collagenase

for 80 min, with shaking, at 37�C/5% CO2. The cell suspension was

aseptically filtered using 50-μm cell strainers. The filtered cells were

washed thrice in pre-warmed HBSS and resuspended in PBS. The cells

were next checked for viability (using the Trypan blue exclusion

method). Viable cells were counted and 106 cells from each set were

incubated with MitoSox Red (Thermo Fisher Scientific) at 37�C for

30 min. Next, the cells were washed three times and analysed by flow

cytometry in FACS, LSRFortessa, BD. Data were analysed in FACS

DIVA software under standard parameters; 104 cells were evaluated

per set and experiments were repeated three times.

2.14 | Assay of mitochondrial ETC complex I and
III activities

Mitochondrial ETC complex I (NADH:ubiquinone oxidoreductase) and

complex III (decylubiquinol cytochrome c oxidoreductase) activities

were spectrophotometrically quantified through the rate of oxidation

of NADH (measured as change in OD340 nm) and reduction of cyto-

chrome c (measured as change in OD550 nm), as described elsewhere

(Carrasco-Pozo et al., 2011; Spinazzi et al., 2012). Briefly, an equal

amount of isolated mitochondria (15 μg of protein) was lysed in a

hypotonic buffer before using for enzymatic assays. For complex I

assay, NADH and ubiquinone were used as substrates. Specific com-

plex I activity was derived by estimating the rotenone-sensitive

NADH–ubiquinone oxidoreductase action of the mitochondrial

extract from control and treated samples. For the complex III assay,

oxidized cytochrome c and ubiquinol were used as substrates. The

specific complex III activity was derived by estimating the antimycin

A-sensitive decylubiquinol cytochrome c oxidoreductase action of the

mitochondrial extract. In either case, the rate of enzymatic activity

was recorded for 2 min.

2.15 | Measurement of gastric luminal pH

Rats were fasted for 24 h with free access to water. On the day of the

experiment, rats were injected with lansoprazole (20 mg�kg�1, i.p.) or

honokiol (40 mg�kg�1, i.p.) 30 min prior to administration of

2-mercapto-1-methylimidazole (MMI) (40 mg�kg�1, i.p.), as described

previously (Mazumder et al., 2016). This set was indicated as ‘stimu-

lated’ because MMI stimulates acid secretion. The second set of

starved rats was treated with lansoprazole or honokiol without MMI

injection. This set was denoted as ‘unstimulated (basal)’. At 4 h after

treatment, rats were humanely killed, the abdomen opened and the

oesophageal and pyloric ends of the stomach were tied with a thread

to prevent the escape of gastric secretions. A small incision was made

at the cardiac end of the stomach and the contents were flushed with

2 ml of 0.9% saline and the clear supernatant was collected after cen-

trifugation (5000 x g for 10 minutes at 250C).
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The pH of the fluid was then measured with a hand-held pH

meter.

2.16 | Data and statistical analysis

The data and statistical analysis comply with the recommendations of

the British Journal of Pharmacology on experimental design and analysis,

and experiments have been designed to generate groups of equal size,

using randomization and blinded analysis (Curtis et al., 2022). All animal

studies were done with randomly segregated rats. For every set, the

animal number was maintained at 5 (n = 5), as standardized and

reported previously (Bindu et al., 2013; Mazumder et al., 2016;

Mazumder et al., 2019). The in vitro experiments were done in tripli-

cate. All experiments were repeated at least three times. Experimental

data are shown as means ± SD. When comparing two experimental

groups, unpaired t test (with Welch's correction) was done to calculate

the level of significance, whereas one-way analysis of variance

(ANOVA) followed by Bonferroni's multiple-comparison test was done

for comparing more than two groups. For all data, P value < 0.05 was

considered statistically significant. The group size mentioned here is the

number of independent values, and that statistical analysis was done

using these independent values. Statistical analysis of data was done

using GraphPad Prism 8 and Microsoft Office Excel 2019 software.

2.17 | Materials

Indomethacin (Cat# I7378), ibuprofen (Cat# I1892), diclofenac (Cat#

D6899), aspirin (Cat# A5376), honokiol (Cat# 384620), 2-mercapto-

1-methylimidazole (MMI, Cat#301507), lansoprazole (Cat# L8533),

RNase ZAP 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-

mide (MTT) (Cat# CT01-5), carboxymethylcellulose sodium salt (Cat#

C5678), bovine serum albumin (BSA) (Cat# A7906) and DMSO were

procured from Sigma (St. Louis, MO, USA). TRIzol (Cat# 15596026),

PureLink RNA Mini Kit (Cat# 12183018A), RevertAid H Minus First

Strand cDNA Synthesis Kit (Cat# 18091050), ATP Determination Kit

(Cat# A22066), PowerUp™ SYBR™ Green Master Mix (Cat# A25742),

5,50,6,60-tetrachloro-1,10,3,30-tetraethylbenzimi-dazoylcarbocyanineio-

dide (JC-1) dye (Cat# T3168), MitoSOX™ mitochondrial superoxide

indicator (Cat# M36008), nuclease-free water (Cat# AM9937),

Hoechst 33342 (Cat# H3570) and phosphate-buffered saline (PBS)

(Cat# 10010031) were purchased from Thermo Fisher Scientific

(Waltham, MA USA). Mitochondria Isolation Kit (Cat# KC010100) was

purchased from BioChain (Newark, CA, USA). HT 8-oxo-dG enzyme-

linked immunosorbent assay (ELISA) Kit II (Cat# 4380-096-K) was

procured from Trevigen (Bio-Techne, Minneapolis, USA). Luminata

Forte Western horseradish peroxidase (HRP) substrate (Cat#

WBLUF0500) for electrochemiluminescence (ECL)-based chemilumi-

nescence was procured from Merck Millipore (Burlington, MA, USA).

Sirt3 activity assay kit (Fluorometric) (Cat# ab156067) and Mitochon-

drial DNA (mtDNA) Isolation Kit (Cat# ab65321) were purchased from

Abcam (Boston, MA, USA). BioTrace NT nitrocellulose transfer

membrane (Cat# 66485) was procured from Pall Corporation (Port

Washington, NY, USA). Blotting-Grade Blocker (Cat# 1706404) was

procured from Bio-Rad Laboratories, Inc. (Hercules, CA, USA). All

other reagents were of analytical grade purity.

2.18 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org and

are permanently archived in the Concise Guide to PHARMACOLOGY

2021/2022 (Alexander, Cidlowski et al., 2021; Alexander, Fabbro,

Kelly, Mathie, Peters, Veale, Armstrong, Faccenda, Harding, Pawson,

Southan, Davies, Beuve et al., 2021; Alexander, Fabbro, Kelly, Mathie,

Peters, Veale, Armstrong, Faccenda, Harding, Pawson, Southan,

Davies, Boison et al., 2021; Alexander, Kelly et al., 2021).

3 | RESULTS

3.1 | Transcriptome analysis revealed the
association of Sirt3 in NSAID-induced gastric mucosal
injury

As the stomach is the organ most severely affected by the toxic

effects of NSAIDs, we undertook high-depth transcriptome sequenc-

ing of control and indomethacin-treated rat gastric mucosa to

comprehensively explore the alterations in gene expression, during

gastropathy. Indomethacin was used as a prototype COX non-

selective NSAID. Tissues for transcriptome sequencing were collected

from control and indomethacin-treated samples with high-grade

mucosal injury (Figure 1a). Heat map analysis revealed the DEG set

with 885 up-regulated and 211 down-regulated genes in ‘indometha-

cin’ compared with ‘control’ when filtered with log FC cut-off of 1.5,

P value ≤ 0.05 and FDR ≤ 0.05 (Figure 1b and File S1a–c)

(GSE201565). Gene-enrichment analysis using ‘ingenuity pathway

analysis’ revealed the prominent pathways and ‘disease and function’
involved in indomethacin-induced gastric cytotoxicity (Figure 1c,d).

‘Apoptosis and death receptor signalling’, ‘TNFR signalling’, ‘p38
MAPK signalling’, ‘interferon signalling’, ‘granulocyte and agranulo-

cyte adhesion and diapedesis’, ‘acute phase signalling’ and

‘NRF2-mediated oxidative stress response’ appeared as prominently

highlighted pathways (Figure 1c), whereas ‘gastroenteritis’, ‘synthesis,
production and metabolism of reactive oxygen species’, ‘cell cycle
progression’, ‘apoptosis’, ‘bleeding’, ‘inflammation of gastrointestinal

tract’, ‘inflammatory bowel disease’, ‘fibrosis’, ‘colitis’ and ‘phagocyte
and macrophage activation’ appeared as predominant class of ‘disease
and function’, significantly contributing to the DEG counts

(Figure 1d). Because mitochondria are associated with a wide array of

pathways and functions identified in the transcriptome data, we

checked caspase 9 and caspase 3, as well as cytochrome c, as terminal

markers of intrinsic apoptosis due to mitochondrial dysfunction. We

also measured ΔΨm and ATP content. Data indicated significant
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elevation of cleaved caspase 9 and 3 as well as cytochrome c along

with drastic mitochondrial depolarization and ATP depletion in the

indomethacin-treated tissues (Figure 1e–g).

As immunoblotting indicated mitochondrial dysfunction, we

delved deeper into the transcriptome data to check for crucial

genes regulating ETC and mitochondrial metabolism (Figure 2). ETC

F IGURE 1 Indomethacin induces transcriptome alteration, intrinsic apoptosis and mitochondrial dysfunction in gastric mucosa. (a) Gastric

mucosal morphology and haematoxylin/eosin-stained histology of control (Con) and indomethacin-treated (Indo) rats (n = 5). Representative
images are provided. (b) Heatmap shows separate clustering of samples corresponding to control ‘Con’ and indomethacin ‘Indo’ (false discovery
rate [FDR] ≤ 0.05). Euclidean distance metric was used while clustering the gene expression data of the differentially expressed genes (DEGs).
Euclidean distance metric was used while clustering the gene expression data. The expression value of genes analysed with fold change cut-off of
1.5; colour gradient scale with white being highly down-regulated to blue being highly up-regulated. (c) Dot plot showing enriched canonical
pathways. The size of dots represents the proportion of genes involved in the particular signalling pathway, whereas the range of colour indicates
Bonferroni corrected P values (�log transformed). The ratio represents the number of genes in fraction with respect to the total number of genes
that map to the same pathway. (d) Bar graph showing the disease and functions enriched in the ‘indomethacin’ set. (e) Immunoblots of cleaved
caspase 9, cytochrome c and cleaved caspase 3 in gastric mucosal tissues from control and indomethacin-treated rats (n = 5). Actin was used as
the loading control. Representative blots are shown on the right. (f) Mitochondrial transmembrane potential (ΔΨm) in gastric mucosal tissues from
control and indomethacin-treated rats (n = 5). (g) ATP content in gastric mucosal tissues from control and indomethacin-treated rats.
Indomethacin treatment: 48 mg�kg�1 for 4 h. Data (a, e–g) are mean ± SD, n = 5. *P < 0.05, significantly different from control; unpaired
Student's t test with Welch's correction. The number of independent experiments is 3.
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complex genes however did not show up in the transcriptome data

when analysed with an FC cut-off of 1.5, even with evident mito-

pathology and ATP depletion in the indomethacin-treated tissues.

Therefore, we rationally relaxed the standard FC cut-off (of 1.5)

slightly to 1.2 to check for DEGs regulating mitochondrial functions

(Figure 2a and File S1d). Interestingly, ‘mitochondrial dysfunction’
and ‘oxidative phosphorylation’ were significantly reflected as

important pathways (Figure 2b and File S1e). ETC complex-related

gene expression was severely compromised along with elevation of

proapoptotic and down-regulation of antioxidant and anti-apoptotic

markers (File S1e). Functional enrichment analysis revealed the

association of 272 DEGs with GI inflammation, 160 DEGs with

organ inflammation, 147 DEGs with leukocyte migration, 74 DEGs

with epithelial tissue necrosis and 49 DEGs with reactive oxygen

species (ROS) production (File S1e). Interestingly, the ‘sirtuin signal-

ling pathway’ was highlighted with Sirt3, turning out as a common

gene associated with several categories of disease and functions

including ‘gastrointestinal disease’, ‘free radical scavenging’,
‘inflammatory response’, ‘cell death and survival’, ‘cellular function

and maintenance’, ‘cell-to-cell signalling and interaction’, ‘molecular

F IGURE 2 Indomethacin alters gene expression programmes that regulate mitochondrial functions and sirtuin signalling. (a) Heatmap shows
separate clustering of samples corresponding to control (Con) and indomethacin –treated (Indo) rats. Euclidean distance metric was used while
clustering the gene expression data of the differentially expressed genes (DEGs). The expression value of genes analysed with fold change cut-off
of 1.2; colour gradient scale with blue being highly down-regulated to red being highly up-regulated. (b) The dot plot shows enriched canonical
pathways. The size of dots represents the proportion of genes involved in the particular signalling/pathway, whereas the range of colour indicates
Bonferroni corrected P values (�log transformed). Ratio represents the number of genes in fraction with respect to the total number of genes
that map to the same pathway. (c) The bar graph shows the disease and functions enriched in the indomethacin-treated set. (d) Hub gene
network; gene names represented in oval shapes whereas associated functions are represented by rectangular boxes. The expression value of
genes represented with colour gradient scale with red being highly down-regulated to green being highly up-regulated. Grey lines indicate the
association of genes with associated functions, whereas red lines indicate the association of sirtuin-3 (Sirt3), the hub gene, with respective
associated functions.
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transport’, ‘protein synthesis’, ‘tissue morphology’, ‘organismal

development’ and ‘injury and abnormalities’ (Figure 2c and File

S1f). We subsequently used Molecular Complex Detection

(MCODE) (Bader & Hogue, 2003) plugin in Cytoscape (Shannon

et al., 2003) to build the gene interaction network and screened

the hub gene(s) regulating mitochondrial metabolism and cellular

integrity. Sirt3 appeared as a top hub gene controlling myriad sig-

nalling processes, regulating mitochondrial metabolism and cellular

integrity (Figure 2d). Because there are no reports linking Sirt3

with NSAID-induced bioenergetic crisis and gastric injury, we

explored the functional correlation of this protein in NSAID-

induced gastric injury in our model.

3.2 | NSAID impairs Sirt3 expression, thereby
inducing gastric mucosal cell injury, and inhibits
deacetylase activity of purified Sirt3

Sirt3 down-regulation directed us to follow its mechanistic aspects.

Validation of the transcriptome data by qRT-PCR and immunoblotting

revealed significant depletion of Sirt3 during maximum tissue injury

(Figure 3a,b). Functional relevance of Sirt3 was evident from deple-

tion of OGG1 in the injured mucosa (Figure 3b). To understand the

pattern of Sirt3 expression in the course of injury induction followed

by spontaneous resolution, we checked the kinetics of Sirt3 expres-

sion. Both Sirt3 and OGG1 followed a concerted temporal depletion

with the progression of mucosal damage from 0 to 4 h of indometha-

cin treatment followed by gradual restoration by 72 h when the

lesions spontaneously healed, as evident from tissue restitution

(Figure 3c,d). To check whether indomethacin has any direct effect on

the deacetylase activity of Sirt3, we evaluated the deacetylase activity

of Sirt3 in presence of increasing concentration of indomethacin. Data

indicated that indomethacin dose-dependently inhibited the deacety-

lase activity of purified Sirt3 (Figure 3e). In addition, we observed that

indomethacin treatment significantly elevated mitochondrial prote-

ome acetylation (Figure 3f) along with profound 8-oxo-dG accumula-

tion in mtDNA, implying oxidative damage to mtDNA (Figure 3g).

Even in the transcriptome sequencing data, it was clear that several

Sirt3 targets, including Ogg1, Xrcc6, Pdha1, Aco1, Idh1, Sdhb, Mdh1,

Ndufa9, Glud1 and Acadl exhibited prominent down-regulation (File

S1d). Further, we observed a concurrent reduction in mitochondrial

dehydrogenase activity (Figure 3h) and elevation of mitochondrial

proteome ubiquitination (Figure 3i), suggesting mitochondrial dys-

function due to Sirt3 depletion followed by increased clearance of

damaged mitochondria.

So far, we documented how Sirt3 deficiency could account for

indomethacin-induced mitopathology and cell death. But how did the

NSAID actually cause Sirt3 down-regulation? As indomethacin

depleted Sirt3 gene expression, we asked whether indomethacin tar-

gets any upstream transcriptional regulator/s. Surprisingly, we found

significant depletion of both PGC1α and the oestrogen-related

receptor α (ERRα) in the injured mucosa, thereby revealing the basis

of transcriptional depletion of Sirt3 (Figure 3j).

3.3 | Sirt3 induction by honokiol prevents NSAID-
induced transcriptome alteration and mitochondrial
pathology to avert mucosal cell death and attenuate
gastric mucosal injury

We next asked whether Sirt3 stimulation can prevent NSAID-induced

gastric cell death and mucosal injury. Rats were pre-treated with hon-

okiol, a specific pharmacological Sirt3 inducer (Pillai et al., 2015), given

i.p.. The dose–response study indicated 40 mg�kg�1 as the optimum

gastroprotective dose, against indomethacin, with an ED50 of

12.32 mg�kg�1 (Figure 4a,b). Following these data, we next asked

whether i.g. administration of honokiol would exhibit any gastropro-

tective effect against indomethacin. This might also reflect any better

clinical relevance as such a non-invasive route of administration is cer-

tainly more advantageous in terms of drug delivery. To compare the

different effects of i.p. and i.g. routes of honokiol administration, four

doses of honokiol (20, 40, 60 and 80 mg�kg�1) were selected, based

on the data obtained after i.p. administration. The dose–response

study (Figure 4c) clearly indicated that i.g. administration of honokiol

at 80 mg�kg�1 offered gastroprotection, comparable to that after

i.p. administration of honokiol at 40 mg�kg�1. To avoid administration

of the higher doses of honokiol to the rats, we opted for the i.p. route

in the subsequent experiments.

Next, we checked the gastric transcriptome profiles of honokiol-

pre-treated indomethacin-treated (HKL + Indo) rats. Sequencing data

revealed that gene expression pattern in HKL + Indo group was

largely similar to that in the control group and significantly opposed to

the pattern in the Indo only group (Figure 4d–g). DEG analysis (at FC

cut-off of 1.5) revealed 417 up-regulated and 815 down-regulated

genes in HKL + Indo, compared with Indo, out of which 505 up-

regulated and 85 down-regulated genes found in Indo group showed

reversed expression relative to those in the HKL + Indo group, sug-

gesting a protective effect of honokiol-induced Sirt3 stimulation

(Figure 4e). At FC cut-off of 1.2, 4215 up-regulated and 3176 down-

regulated genes in the Indo group showed reversed expression rela-

tive to those in the HKL + Indo group (Figure 4f,g). Significant DEGs

mostly constituted genes controlling mitochondrial functions and

those implicated in gastric injury, inflammatory and apoptotic path-

ways (File S2a,b). Hmox1, Txnrd1, Sod1, Mmp13, Mmp3, Tnf1b, Ccl2,

Cxcl2, Icam1, Vcam1, Hif1a, Cxcl3, Il6, Il1b, Il1a, Nfkb2, Nfkb1, Nlrp3,

Fas, Bcl2 and Tlr9 were prominently observed, thereby indicating that

honokiol treatment decreased MOS and inflammation. Notably, the

expression of Sirt3 in the HKL + Indo group was comparable to that

in the control group. The protective effect of honokiol against indo-

methacin was clearly evident from the restoration of Sirt3 expression

(Figure 4h,i). Further, we could also show a stimulatory action of hon-

okiol on the expression of tricarboxylic acid (TCA) cycle enzymes, such

as like Aco1 and Idh1, which are important targets of Sirt3 (File S2b).

To understand the mechanistic basis of honokiol-dependent Sirt3

stimulation and prevention of NSAID-induced gastropathy, we

checked the status of Sirt3 targets and acetylation status of the mito-

chondrial proteome. We found that honokiol pre-treatment prevented

indomethacin-induced OGG1 depletion (Figure 4i) and rescued Sirt3

2326 DEBSHARMA ET AL.

 14765381, 2023, 18, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bph.16070 by Indian Institution O

f C
hem

 B
iology, W

iley O
nline L

ibrary on [18/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=622
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=622
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=622
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=622


activity as evident from attenuation of mitochondrial proteome hyper-

acetylation (Figure 4j) and specific acetylation of OGG1 and SOD2

(Figure 4k). Prevention of OGG1 deactivation was further reflected

through reduction of indomethacin-induced 8-oxo-dG accumulation

in mtDNA, as shown by ELISA (Figure 4l) and immunohistochemical

analysis (Figure 4m) of tissue levels of 8-oxo-dG in situ. Because

8-oxo-dG accumulation is a direct consequence of mtDNA oxidation,

we checked the level of the progenitor ROS molecule, superoxide

(O2
•�), in the gastric mucosal cells isolated from rats treated with

indomethacin, with and without honokiol, through MitoSox-based

flow cytometry. Pre-treatment with honokiol blocked NSAID-induced

intracellular O2
•� accumulation (Figure 4n) coupled with restoration

of ΔΨm, preservation of mitochondrial dehydrogenase activity and

prevention of bioenergetic crisis (Figure 4o–q). In The honokiol-

F IGURE 3 Impaired sirtuin-3 (Sirt3) expression and activity are associated with indomethacin-induced gastric mucosal cell damage. (a) Sirt3
gene expression analysis in gastric mucosal tissues from control (Con) and indomethacin –treated (Indo) rats by qPCR; bar graph indicates fold
change in gene expression relative to control (after normalization by Gapdh). (b) Immunoblots of Sirt3 and 8-oxoguanine DNA glycosylase
1 (OGG1) in gastric mucosal tissues from control and indomethacin –treated rats. Representative blots are shown below the bar graph.
(c) Immunoblots of Sirt3 and OGG1 in indomethacin –treated rats at indicated time points. Representative blots are below the bar graphs.
Actin: loading control (b, c). (d) Gastric mucosal morphology and haematoxylin/eosin-stained histology from indomethacin –treated rats (n = 5)
at indicated time points; representative images and micrographs are shown. (e) Deacetylase activity of purified Sirt3 measured in presence of
increasing concentrations of indomethacin. (f) Immunoblot of acetylated lysine in the mitochondrial fraction of gastric mucosal tissues from
control and indomethacin –treated rats. TOM20: loading control. (g) Mitochondrial DNA (mtDNA) damage measured by 8-oxo-dG enzyme-
linked immunosorbent assay (ELISA) in gastric mucosal tissues from control and indomethacin –treated rats. (h) Mitochondrial dehydrogenase
activity, measured by MTT reduction assay, in the mitochondrial fraction of gastric mucosal tissues from control and indomethacin –treated
rats. (i) Immunoblot of ubiquitination in the mitochondrial fraction from control and indomethacin –treated rats. TOM20: loading control.
(j) Immunoblot of PGC1α and ERRα in the nuclear fraction from control and indomethacin –treated rats. Histone 3A: loading control.
Representative blots are presented alongside the bar graphs (f, i, j). Data (c, d) are mean ± SD, n = 5. *P < 0.05, significantly different from
Indo 0 h; #P < 0.05, significantly different from Indo 4 h; one-way ANOVA followed by Bonferroni's post hoc test. Data (e) are mean ± SD,
n = 5. *P < 0.05, significantly different from Indo 0 μM; one-way ANOVA followed by Bonferroni's post hoc test. Unpaired Student's t test
with Welch's correction (for comparing two groups) was used for analysing the data in (a, b, f–j). ns, non-significant. The number of
independent experiments is 3.
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dependent Sirt3 stimulation also significantly prevented

indomethacin-induced mitochondrial ubiquitination (Figure 4r). From

a mechanistic perspective, we observed that endogenous Sirt3 stimu-

lation by honokiol significantly reversed the down-regulation of

PGC1α and ERRα induced by indomethacin (Figure 4s), revealing a

feedback regulation.

3.4 | Sirt3 induction prevents NSAID-induced
altered expression of mtDNA-encoded ETC complex,
aberrant mitochondrial quality control, mucosal
inflammasome activation and apoptosis

Because Sirt3 depletion by indomethacin involved down-regulation of

OGG1, reduction of mitochondrial dehydrogenase activity and associ-

ated ATP depletion, we checked the effect of Sirt3 stimulation on

mtDNA-encoded ETC complex subunits controlling bioenergy produc-

tion. qRT-PCR and immunoblotting revealed that Sirt3 stimulation by

pre-treatment with honokiol, significantly prevented indomethacin-

induced down-regulation of mt-Nd1, mt-Nd3, mt-Nd4 and NDUFB8

(complex I), mt-Cytb and UQCRC2 (complex III), mt-Co1, mt-Co2 and

MTCO1 (complex IV) and mt-Atp6, mt-Atp8 and ATP5A (complex V)

(Figure 5a,b). Direct measurement of ETC complex I and III activities

also indicated that honokiol prevented indomethacin-induced deterio-

ration of both complexes, thereby ensuring proper electron flow

during OXPHOS (Figure 5c,d). Because mitochondrial functions criti-

cally depend on the homeostasis of mitochondrial dynamics, we next

checked the mitochondrial structure under the indomethacin-induced,

Sirt3 depleted state and during honokiol-induced Sirt3 stimulation

(Figure 5e). Interestingly, honokiol pre-treatment also prevented

indomethacin-induced depletion of mitofusin (MFN)1, MFN2 and

OPA1 and increase of DRP1 activation (through reducing phospho-

DRP1-Ser616), thereby indicating stabilization of mitochondrial

dynamics (Figure 5e). We also checked mitochondrial quality control

by following two key mitophagy regulators, Parkin and PINK1. Data

revealed that Parkin and PINK1 were highly elevated during indo-

methacin treatment whereas honokiol pre-treatment restored aber-

rant PINK1–Parkin expression (Figure 5f). In addition, honokiol also

prevented the decrease in the mitochondrial biogenesis master-

regulator PGC1α and TOM20 (Figure 5f) to maintain mitochondrial

biogenesis, which is jeopardized by NSAID treatment.

As mitochondrial pathology affects the inflammatory status of the

tissue, we checked the effect of honokiol on gastric inflammation and

inflammasome activation. We found that the indomethacin-induced

elevation of pro-inflammatory cytokines (Il1a, Il1b and Il6), chemo-

kines (Cxcl3 and Mcp1) and intercellular adhesion molecules (Icam1

and Vcam1) was prevented by honokiol pre-treatment (Figure 5g).

Moreover, we also observed that indomethacin triggered inflamma-

some activation in the gastric mucosa, shown by raised levels of

NLRP3 and IL-1β, along with caspase 1 cleavage (Figure 5h).

F IGURE 4 Stimulation of sirtuin-3 (Sirt3) prevents indomethacin-induced gastric transcriptome alteration, mitochondrial dysfunctions and
tissue injury. (a) Bar graph showing the dose-response of honokiol (HKL; given i.p.) pre-treatment on indomethacin-induced (Indo) gastric
mucosal injury. Representative image of the gastric mucosal morphology corresponding to indicated dose of honokiol is shown as inset (on
respective bars). Chemical structure of honokiol is shown as inset. (b) Dose–response curve of honokiol showing effective dose (ED50) and
haematoxylin/eosin-stained gastric mucosal histology from control (Con), indomethacin (Indo) and HKL + Indo treated rats; representative
micrographs presented. (c) Bar graph showing the intragastric (ig) dose response of honokiol pre-treatment on indomethacin-induced gastric
mucosal injury. Representative image of the gastric mucosal morphology corresponding to indicated dose of honokiol has been shown as inset
(on respective bars). (d) Heatmap shows separate clustering of samples from HKL + Indo and Indo treated rats (false discovery rate
[FDR] ≤ 0.05). Euclidean distance metric was used while clustering gene expression data. The expression value of genes analysed with fold
change (FC) cut-off of 1.5; colour gradient scale: white being highly down-regulated to brown being highly up-regulated. (e) Venn diagram of
differentially expressed gene (DEG) count in Indo (compared with control) and HKL + Indo (compared with Indo) when analysed with an FC
cut-off of 1.5. (f) Heatmap for samples from HKL + Indo’and Indo treated rats after analysis with FC cut-off of 1.2; colour gradient scale: red
being highly down-regulated to blue being highly up-regulated. (g) Venn diagram of DEG count in Indo (compared with control) and HKL + Indo
(compared with Indo) treated rats, when analysed with an FC cut-off of 1.2 for better resolution of genes controlling mitochondrial functions.
Brown upward and green downward arrows (along with corresponding DEG counts) indicate up-regulation and down-regulation of gene
expression, respectively, DEG counts in the intersection regions of the Venn diagrams indicate common genes that were up-regulated/down-
regulated with Indo treatment (compared with control) whereas their expression was reversed with HKL + Indo treatment (when compared
with Indo). (h) Sirt3 gene expression analysis in gastric mucosal tissues from Con, Indo and HKL + Indo by qPCR; bar graph indicates FC in gene
expression relative to control (after normalization to Gapdh). (i) Immunoblots of Sirt3 and 8-oxoguanine DNA glycosylase 1 (OGG1) in tissues
from Con, Indo and HKL + Indo treated rats. Actin: loading control. (j, k) Immunoblots of acetylated lysine (j), acetylated OGG1 and acetylated
superoxide dismutase (SOD2) (k) in the mitochondrial fraction of tissues from Con, Indo and HKL + Indo treated rats. TOM20: loading control.
(l) mtDNA damage as measured by 8-oxo-dG levels, with ELISA. (m) Confocal immunohistochemical staining showing 8-oxo-dG (green) and
nucleus (blue) in Con, Indo and HKL + Indo treated rats. (n) Flow cytometry for mitochondrial superoxide accumulation in Con, Indo and HKL

+ Indo treated rats. (o) Mitochondrial transmembrane potential (ΔΨm). (p) Mitochondrial dehydrogenase activity. (q) ATP content.
(r) Immunoblot of ubiquitination in the mitochondrial fraction of tissues from Con, Indo and HKL + Indo treated rats. TOM20: loading control.
(s) Immunoblot of PGC1α and ERRα in the nuclear fraction of tissues from Con, Indo and HKL + Indo treated rats. Histone 3A: loading control.
Representative blots are presented alongside the bar graphs (i–k, r, s). Data are mean ± SD, n = 5. *P < 0.05, significantly different from HKL
0 mg�kg�1; one-way ANOVA followed by Bonferroni's post hoc test. Number of independent experiments: 3 (a–c). Data are mean ± SD, n = 5.
*P < 0.05, significantly different from Con; #P < 0.05, significantly different from Indo; one-way ANOVA followed by Bonferroni's post hoc test
(b, h–l, o–s). The number of independent experiments is 3.
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However, honokiol significantly prevented indomethacin-induced

up-regulation of inflammasome markers (Figure 5h). Because inflam-

matory tissue damage is often associated with cell death (Rock &

Kono, 2008), we finally checked the expression profiles of typical pro-

apoptotic and anti-apoptotic markers and found that honokiol signifi-

cantly attenuated indomethacin-induced mucosal cell apoptosis

through blocking the depletion of Bcl-2 while preventing PARP and

caspase 3 cleavage, as well as the up-regulation of Bax (Figure 5i).

3.5 | Honokiol accelerates the healing of pre-
formed gastric lesions and offers gastroprotection
against indomethacin without affecting gastric acid
secretion

After documenting the prophylactic potency of honokiol against

NSAID gastropathy, we checked whether Sirt3 stimulation could be

used as a therapeutic strategy to accelerate the healing of pre-formed

F IGURE 5 Stimulation of sirtuin-3 (Sirt3) prevents indomethacin-induced block of electron transport chain (ETC) complex gene expression,
aberrant mitochondrial dynamics, mucosal inflammation and apoptosis. (a) Gene expression analysis for mt-Nd1, mt-Nd3, mt-Nd4, mt-Cytb, mt-
Co1, mt-Co2, mt-Atp6 and mt-Atp8 by qRT-PCR) in control (Con), indomethacin (Indo) and honokiol+indomethacin (HKL + Indo) treated rats. Bar
graphs indicate fold change in gene expression relative to control (after normalization by Gapdh). (b) Immunoblots of ATP5A, MTCO1, UQCRC2
and NDUFB8 in tissues from Con, Indo and HKL + Indo treated rats. (c) ETC complex I activity and (d) ETC complex III activity in the
mitochondrial fraction of tissues from Con, Indo and HKL + Indo treated rats. (e) Immunoblots of MFN1, MFN2 OPA1, pDRP1ser616 and DRP1 in
tissues from Con, Indo and HKL + Indo treated rats. (f) Immunoblots of PGC1α, TOM20, PINK1 and Parkin in tissues from Con, Indo and HKL
+ Indo treated rats. (g) Gene expression analysis for Il1b, Il6, Il1a, Cxcl3, Mcp1, Icam1 and Vcam1 by qRT-PCR in samples from Con, Indo and HKL
+ Indo treated rats. Bar graphs indicate fold change in gene expression relative to control (after normalization by Gapdh). (h) Immunoblots of
NLRP3, IL-1β and cleaved caspase 1 in tissues from Con, Indo and HKL + Indo treated rats. (i) Immunoblots of Bcl-2, Bax, cleaved PARP and
cleaved caspase 3 in tissues from Con, Indo and HKL + Indo treated rats. Actin was used as the loading control; representative blots are
presented alongside the bar graphs (b, e, f, h, i). Data are mean ± SD, n = 5. *P < 0.05, significantly different from control; #P < 0.05, significantly
different from Indo-treated rats; one-way ANOVA followed by Bonferroni's post hoc test. The number of independent experiments is 3.
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gastric lesions. Rats were treated with indomethacin and allowed to

develop gastric injury for 4 h after which one set of rats was treated

with honokiol and the other set was left untreated. At 0, 8, 12 and

20 h after treatment with honokiol, the extent of wound resolution

was compared with that in rats treated with indomethacin only, at the

same time point (Figure 6). We observed that honokiol significantly

accelerated the healing of pre-formed gastric lesions.

We next checked whether honokiol treatment affected gastric

acid production by measuring luminal pH under states of basal (unsti-

mulated) and elevated (MMI-stimulated) acid secretion. Interestingly,

honokiol treatment did not change gastric luminal pH significantly,

unlike lansoprazole, which drastically elevated the pH (Table 1). Thus,

the gastroprotection provided by honokiol was not mediated by

altered gastric acid production.

3.6 | Sirt3 depletion is a generalized response
elicited by common NSAIDs to trigger gastric mucosal
injury

Finally, we checked whether Sirt3 depletion was specific to indometh-

acin or common to NSAIDs such as diclofenac, ibuprofen and aspirin,

frequently found as principal components in typical anti-inflammatory

formulations for humans. Aspirin was particularly selected because of

its cardioprotective and anti-neoplastic effects. We observed that all

these NSAIDs significantly down-regulated Sirt3 and OGG1, similar to

the effects of indomethacin. Sirt3 depletion led to significantly com-

promised mitochondrial dehydrogenase activity and severe mucosal

injury (Figure 7a–c). Hence, Sirt3 depletion appeared a common

F IGURE 6 Honokiol (HKL) accelerates the healing of pre-formed gastric lesions induced by indomethacin. Stomach morphology and histology
of indomethacin (Indo)–treated rats (upper panel) and HKL + Indo-treated rats (lower panel).

TABLE 1 pH of gastric luminal secretion of different experimental
groups of rats.

Experimental set Stomach luminal pH

Control 2.73 ± 0.45

Control + honokiol 2.48 ± 0.17ns

Control + lansoprazole 7.09 ± 0.26****

MMI 1.63 ± 0.15*

MMI + honokiol 1.83 ± 0.35*

MMI + Lansoprazole 6.61 ± 0.52****

Note: Data shown represent gastric luminal pH in control, control

+ honokiol’, control + lansoprazole, 2-mercapto-1-methylimidazole

(MMI), MMI + honokiol and MMI + lansoprazole-treated rats (n = 5).

Data are mean ± SD. The number of independent experiments is 3.

*P < 0.05, significantly different from control, ns, non-significant; one-way

ANOVA followed by Bonferroni's post hoc test.
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F IGURE 7 Legend on next page.
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pathway targeted by NSAIDs. Further, gastric transcriptomics of diclo-

fenac (Figures 7d–f and 8a–c) and aspirin (Figures 7g–i and 8d–f)-

treated rats revealed patterns of DEGs and associated gene expres-

sion programmes, similar to those in rats treated with indomethacin

(Files S3a–f and S4a–f).

4 | DISCUSSION

Here, we have identified Sirt3 as a novel gastroprotective target,

which is severely down-regulated by NSAIDs to activate mitochon-

drial oxidative damage and a consequent cellular bioenergetic crisis, in

gastric mucosal cells, leading to apoptosis and inflammatory tissue

injury. We showed that NSAID directly inhibited Sirt3 deacetylase

activity and suppressed its transcriptional regulators PGC1α and ERRα

to exert a top-down suppression. Most notably, Sirt3 stimulation by

honokiol markedly blocked NSAID-induced mitochondrial fragmenta-

tion, the exacerbated redox perturbation, inflammasome activation

and apoptosis to prevent mucosal injury, besides accelerating the

healing of pre-formed gastric lesions without affecting basal gastric

acid secretion.

Despite their toxic side-effects, NSAIDs are still widely used as

the first-line medicines against pain and inflammation. Emerging

reports on drug repurposing of NSAIDs, which revealed their anti-

neoplastic potential, have further expanded their clinical utility

(Kumar, 2016; L. Li et al., 2019). Interestingly, supplementation with

prostaglandins actually fails to completely ameliorate the toxic effects

of NSAIDs, thereby indicating towards the involvement of extra-COX

actions (Gurpinar et al., 2013). Therefore, we were keen to explore

newer, COX-independent, target(s) of NSAIDs, which may be utilized

for neutralizing their toxic effects while optimizing their safer usage.

We used indomethacin as a prototype NSAID with negligible COX

selectivity to rule out potential COX1/COX2 bias. A gastric mucosal

injury model in rats was used because the gut is most severely

affected by NSAIDs.

Sequencing-based target prediction was used for unbiased gene

expression profiling upon NSAID treatment. Sirt3 was identified as a

hub gene associated with diverse metabolic effects elicited by NSAIDs

including redox homeostasis, bioenergy production, inflammation and

cell death. As the mitochondrial guardian, Sirt3 controls mitochondrial

protein stability to regulate antioxidant defence, structural dynamics,

biogenesis, mtDNA repair and metabolism primarily through the dea-

cetylation of target proteins including FOXO3a, OGG1, OPA1, SOD2,

pyruvate dehydrogenase, citrate synthase, aconitase, isocitrate dehy-

drogenase, succinate dehydrogenase, malate dehydrogenase, succi-

nate dehydrogenase, Ku70, GSK3β, mitochondrial trifunctional

protein and phosphofructokinase (Murugasamy et al., 2022; Zhang

et al., 2020). Loss of Sirt3 has been critically implicated in diverse

pathologies involving mitochondrial structural and functional defects,

leading to metabolic and bioenergetic problems (Peng et al., 2022;

Sherin et al., 2021; Wu et al., 2019; Zhang et al., 2020). As a result,

metabolically active tissues are susceptible to Sirt3 deficiency

(Dittenhafer-Reed et al., 2015; Zhang et al., 2020). However, there is

no report citing the role of Sirt3 in maintaining gastric mucosal integ-

rity, in spite of gut mucosa having a rapid cellular turnover (Timmons

et al., 2012). NSAIDs directly target the ETC complex I to cause elec-

tron leakage. These leaked electrons trigger partial reduction of oxy-

gen to produce O2
•�, which subsequently transforms into other ROS

species such as H2O2 and •OH. In this context, SOD2 and OGG1 are

major mitochondrial antioxidant arsenals controlling oxidative stress

through neutralizing intra-mitochondrial O2
•� and excising 8-oxo-dG

in mtDNA (J. Liu et al., 2017). Coincidentally, both OGG1 and SOD2

are deacetylation targets of Sirt3. Moreover, 8-oxo-dG also serves as

a biomarker for endogenous oxidative stress and redox-associated

pathologies including cancer (Valavanidis et al., 2009). Indomethacin-

induced Sirt3 down-regulation along with direct inhibition of Sirt3

deacetylase activity and elevation of OGG1–SOD2 acetylation

explained the basis of MOS induction and cell death. Sirt3 serves as a

cellular longevity promoting factor by boosting the antioxidant

defences (Kincaid & Bossy-Wetzel, 2013; Merksamer et al., 2013).

Sirt3-deficient cardiomyocytes produce double the amount of ROS

(Sundaresan et al., 2009), whereas Sirt3 overexpression significantly

increased glutathione (GSH) levels (J. Liu et al., 2017). Here, we show

that indomethacin-induced Sirt3 depletion resulted in a severe bioen-

ergetic crisis through attenuated mitochondrial dehydrogenase activ-

ity, ETC complex I and III dysfunction and ATP depletion.

Ubiquitination-dependent mitochondrial elimination further potenti-

ated the damage. Moreover, it is noteworthy that Sirt3 depletion-

F IGURE 7 Popular NSAIDs deplete Sirtuin-3 (Sirt3) to induce gastric mucosal injury and transcriptomic alteration. (a) Immunoblots of Sirt3
and 8-oxoguanine DNA glycosylase 1 (OGG1) in tissues from samples from control (Con), diclofenac (Diclo), aspirin (Asp), indomethacin (Indo) and
ibuprofen (Ibu) treated rats. Actin: loading control; representative blots alongside the bar graphs. (b) Dehydrogenase activities in the mitochondrial
extracts from control and indicated NSAIDs-treated rats. (c) Gastric mucosal morphology and haematoxylin/eosin-stained histology;
representative images provided with injury index. Data shown in (a, b) are means ± SD; n = 5. *P < 0.05 significantly different from control; one-
way ANOVA, followed by Bonferroni's post hoc test. The number of independent experiments is 3. (d) Heatmap of samples from control (Con)
and diclofenac (Diclo) treated rats (false discovery rate [FDR] ≤ 0.05). Euclidean distance metric was used while clustering the gene expression

data. The expression value of genes analysed with fold change (FC) cut-off of 1.5; colour gradient scale: white being highly down-regulated to
green being highly up-regulated. (e) Dot plot showing enriched canonical pathways. Dot size: proportion of genes involved in a particular
signalling pathway; colour range: Bonferroni corrected P values (�log transformed). Ratio: number of genes in fraction with respect to the total
number of genes that map to the same pathway. (f ) Bar graph showing ‘disease and functions’ enriched in diclofenac- treated rats. (g) Heatmap
of from control (Con) and aspirin (Asp) treated rats (FDR ≤ 0.05). The expression value of genes analysed with FC cut-off of 1.5; colour gradient
scale with white being highly down-regulated to brown being highly up-regulated. (h) The dot plot shows enriched canonical pathways. (i) Bar
graph showing ‘disease and functions’ enriched in aspirin-treated rats.
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associated mitochondrial toxicity and cell death appeared to be a

common side-effect of popular NSAIDs. This information is crucial

while devising novel approaches to avoid NSAID toxicity.

From a mechanistic perspective, it was imperative to explore how

NSAIDs down-regulate Sirt3. Therefore, we checked the upstream

events controlling Sirt3 expression, and found that indomethacin

induced the down-regulation of PGC1α and ERRα. The action of Sirt3

in regulating the PGC1α–ERRα duo has recently emerged as a pivotal

nuclear transcriptional axis, orchestrating several gene expressions

controlling mitochondrial bioenergetics (Y. Kim & Park, 2019; Kin-

caid & Bossy-Wetzel, 2013). Coincidentally, PGC1α also regulates

mitochondrial biogenesis (Austin & St-Pierre, 2012), which justified

mitochondrial depletion during Sirt3 down-regulation by indometha-

cin. Upon indomethacin treatment, we observed prominent depletion

of PGC1α in both nuclear and mitochondrial fractions. This clearly

suggested that NSAID blocks both nuclear and mitochondrial tran-

scriptional activities of PGC1α to exert a comprehensive detrimental

effect on gastric cell metabolism. Moreover, indomethacin-induced

Sirt3 and PGC1α depletion also implied a mutual feedback regulation.

Existing reports suggest that Sirt3-dependent FOXO3 deacetylation

induces its nuclear translocation to up-regulate PGC1α expression as

a cytoprotective response (Fasano et al., 2019; Olmos et al., 2009)

that is blunted by Sirt3 depletion. This is likely to involve direct

PGC1α–FOXO3 interaction to activate Sod2 transcription (Olmos

et al., 2009). Sirt3 is noted for regulating diverse mitochondrial func-

tions including mitosis, biogenesis, transcription, translation,

OXPHOS, TCA cycle, and lipid, glycoside and amino acid metabolism

(Zhang et al., 2020). Around 20% of mitochondrial proteins are highly

acetylated and Sirt3 directly interacts with about 84 mitochondrial

proteins to control metabolism and bioenergetics (Zhang et al., 2020).

Sirt3 also controls mitochondrial dynamics and mitophagy through

deacetylation-dependent regulation of OPA1, AMPK, Lon protease

and FOXO3 (Meng et al., 2019). Sirt3 indirectly and/or directly

(through FOXO3a deacetylation) regulates the expression of media-

tors of mitochondrial dynamics, such as MFN2, DRP1 and FIS1, and

key mitophagy players, such as Bnip3/Nix and LC3 (Meng

F IGURE 8 Gastric mucosal transcriptome alteration by diclofenac and aspirin after analysis at 1.2 fold change (FC) cut-off. (a) Heatmap
shows separate clustering of samples from control (Con) and diclofenac (Diclo) treated rats (false discovery rate [FDR] ≤ 0.05). Euclidean distance
metric was used while clustering the gene expression data. Expression value of genes analysed with FC cut-off of 1.2; colour gradient scale with
blue being highly up-regulated to white being highly down-regulated. (b) Dot plot shows enriched canonical pathways. Size of dots: proportion of
genes involved in particular signalling/pathway; colour range: Bonferroni corrected P values (�log transformed). Ratio represents the number of
genes in fraction with respect to the total number of genes that map to the same pathway. (c) Bar graph showing ‘disease and functions’ enriched
in diclofenac-treated rats. (d) Heatmap shows separate clustering of samples from control (Con) and aspirin (Asp) treated rats (FDR ≤ 0.05).
Euclidean distance metric was used while clustering the gene expression data. Expression value of genes analysed with FC cut-off of 1.2; colour
gradient scale with magenta being highly up-regulated to white being highly down-regulated. (e) Dot plot shows enriched canonical pathways.
Size of dots: proportion of genes involved in particular signalling/pathway; colour range: Bonferroni corrected P values (�log transformed). Ratio
represents the number of genes in fraction with respect to the total number of genes that map to the same pathway. (f) Bar graph showing
‘disease and functions’ enriched in aspirin-treated rats.

2334 DEBSHARMA ET AL.

 14765381, 2023, 18, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bph.16070 by Indian Institution O

f C
hem

 B
iology, W

iley O
nline L

ibrary on [18/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



et al., 2019). In this regard, indomethacin-induced MOS, mitochondrial

hyperfission and aberrant mitophagy appear as direct attributes of

Sirt3 depletion and intra-mitochondrial pro-oxidant accumulation to

trigger ETC dysfunction.

Functional validation of the cytoprotective action of Sirt3 against

indomethacin specifically relied on pharmacological Sirt3 stimulation

by honokiol, a specific inducer (Pillai et al., 2015; Pillai et al., 2017;

Wang, Nisar, et al., 2018). It is worth mentioning that, at present,

there is apparently no commercially available synthetic Sirt3 peptide

suitable for use in vivo, which would exhibit resistance against pep-

sin/other proteases (to protect it during systemic delivery) and be

cell-permeable and mito-targeting, to allow intra-mitochondrial locali-

zation and retention for expressing the deacetylase activity. There-

fore, honokiol-induced stimulation of endogenous Sirt3 levels served

as the most suitable and specific pharmacological strategy to check

the putative gastroprotective action of Sirt3. This approach also had

the benefit of providing a novel gastroprotective strategy, specifically

relying on pharmacological Sirt3 stimulation, because of the ease of

this mode of intervention strategy, compared with the more precise

but elaborate and highly expensive genetic manipulation-based inter-

vention strategies while considering from a real-life therapeutic point

of view. Interestingly, honokiol-induced Sirt3 stimulation corrected

indomethacin-induced mitochondrial metabolic crisis and cellular

damage through salvaging MOS and preserving ETC function as a

consequence of attenuating mitochondrial proteome hyperacetylation

and ubiquitination. honokiol pre-treatment significantly diminished

transcriptome alteration by indomethacin while blocking intra-

mitochondrial O2
•� accumulation to prevent oxidative mtDNA dam-

age. In fact, it was remarkable to find that the protective actions of

honokiol extended to almost all the ETC complexes, as shown from

the expressions of representative components corresponding to

complex I, II, IV and V as well as direct enzymatic activities of complex

I and III, which serve as major sources of mitochondrial electron leak-

age during ETC dysfunction. If a compound safeguards mitochondria,

it seems imperative to offer protection and stability to mitochondrial

structural dynamics. It was clear that the excess mitochondrial fission,

aberrant mitophagy and inhibited biogenesis, induced by indometha-

cin, were markedly prevented by honokiol. Recently, mitochondria

have been considered as epicentre of NLRP3 inflammasome activa-

tion because several mtDAMPs, including mtROS, oxidized mtDNA

and oxidized cardiolipin (released during tissue injury), potently trigger

NLRP3 activation (Q. Liu et al., 2018; Mazumder et al., 2022). So far,

there is negligible evidence of NSAID-induced gastric mtDAMP

release leading to inflammasome activation during gastric mucosal

injury. Here, we clearly observed for the first time that honokiol-

induced Sirt3 stimulation significantly prevented indomethacin-

mediated NLRP3 activation and caspase 1 cleavage to block IL-1β up-

regulation in the gastric mucosa. This was concurrent with honokiol-

induced prevention of canonical inflammation and apoptosis, triggered

by indomethacin. Therefore, we provide evidence that indomethacin

down-regulated Sirt3 expression along with directly inhibiting Sirt3

deacetylase activity to inflict mitochondrial structural and functional

damage for triggering gastric mucosal inflammatory and apoptotic

tissue damage. Honokiol, by stimulating Sirt3 expression, prevented

indomethacin-induced gastropathy. It is worth mentioning that in

addition to its direct Sirt3-stimulating effect, honokiol is also credited

with partial agonism or activation of non-adipogenic PPARγ

(Atanasov et al., 2013). Moreover, PPARγ activation has also been

reported to offer gastroprotection and hasten ulcer healing in rodent

models (Saha, 2015). Therefore, possible PPARγ agonism by honokiol

may also contribute to or synergize its collective gastroprotective

response. However, it is also noteworthy that the PPARγ–PGC1α

couple has already been shown to crucially regulate energy metabo-

lism (Kosgei et al., 2020), in a process where PGC1α is likely to be pos-

itively regulated by Sirt3 through a feedback loop. Therefore,

although honokiol might have multiple responses, specificity of hono-

kiol for Sirt3, as a defined target amongst many other off-targets, is

supposedly good enough to prevent NSAID-induced gastric injury, as

observed here. The observations in the present study are in direct

agreement with several other studies where Sirt3 stimulation by hon-

okiol has been found to preserve and maintain mitochondrial integrity,

leading to protection against diverse pathologies (Pillai et al., 2017;

Quan et al., 2020; Ramesh et al., 2018; Yi et al., 2019).

So far, we have considered the prophylactic effects of honokiol-

induced Sirt3 stimulation, against NSAID gastropathy. However, a

comprehensive efficacy of a cytoprotective compound stands incom-

plete without assessment of its therapeutic potency. In this context,

honokiol also qualified as a potent gastroprotective compound

because of its remarkable ability to accelerate the healing of pre-

formed gastric lesions by indomethacin. Whereas untreated rats took

72 h after indomethacin treatment for complete resolution of mucosal

injury, rats given honokiol treatment after developing profuse mucosal

injury, had a shorter time (20 h) to complete wound resolution,

thereby revealing its potent therapeutic efficacy. We also checked the

comparative efficacy of i.p. and i.g. routes of honokiol administration,

in an attempt to address the applied biomedical relevance of consider-

ing honokiol as a potential gastroprotective compound. It was clear, in

the present study, that i.p. administration of honokiol required a much

lower dose compared with i.g. administration, in order to provide pro-

tection against NSAIDs, at least in terms of the indomethacin-induced

gastric mucosal injury in rodents. This certainly warrants further

exploratory studies, specifically focused on formulating newer strate-

gies to enhance oral bioavailability of honokiol, for ensuring its opti-

mal utilization as a future gastroprotective drug available in oral

formulations. Finally, it is imperative to state that most of the existing

anti-ulcer gastroprotective compounds rely on gastric acid suppres-

sion, because acid aggravates injury. Although this logic definitely has

a merit, however, it is undeniable that gastric acid is not a physiologi-

cal evil. Rather, acid safeguards the GI tract from opportunist patho-

biont attack besides maintaining normal gut microbiota balance,

facilitating the absorption of various drug and minerals and, most

notably, mediating protein digestion (Martinsen et al., 2005). Exten-

sive usage of anti-ulcer formulations such as the proton pump inhibi-

tors (PPIs) or histamine receptor antagonists, are often associated

with several health hazards (Histamine Type-2 Receptor Antagonists

(H2 Blockers), 2018; Maffei et al., 2007). Although a direct relation
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between PPI intake and disease occurrence is not absolutely certain

in every case and demands extensive randomized control trials

(Eusebi et al., 2017), the over-usage of acid-suppressing drugs is not

encouraged due to the need for physiological levels of acid. Therefore,

it would be beneficial if a novel gastroprotective formulation directly

targeted only the cytotoxic events (causing mucosal injury) while

avoiding effects on acid secretion. Interestingly, the anti-apoptotic

and cytoprotective action of honokiol did not affect basal acid secre-

tion. This is an advantage because the harmful effects of acid suppres-

sion (such as gut dysbiosis, malabsorption of certain medicines,

protein indigestion, vitamin B12 deficiency, osteoporosis, rebound

acid secretion, gastrinemia and parietal cell hyperplasia) can be

avoided using this gastroprotective strategy. Indeed, a recent report

suggests that honokiol is apparently safe for human consumption as a

natural antioxidant supplement (Sarrica et al., 2018). Further, it is also

worth mentioning that several studies on cancers have projected Sirt3

as a double-edged sword, reflecting its cancer and/or context-specific

oncogenic or tumour-suppressive attributes, depending on the nature

and metabolic requirements of the tumours and their unique microen-

vironment (Ouyang et al., 2022). However, in regard to non-malignant

pathologies, Sirt3 stimulation is mostly beneficial and offers protec-

tion against a range of pathologies associated with inflammation, oxi-

dative stress, mitochondrial dysfunction and energy dyshomeostasis

(Bugga et al., 2022; Dikalova et al., 2020; Zhang et al., 2020). The

excess level of ROS accumulated in course of the pathogenesis is neu-

tralized by Sirt3 stimulation by honokiol, leading to protection from

the disease.

Taken together, our data showed Sirt3 to be a non-canonical,

COX-independent, target of NSAIDs, which is severely down-

regulated leading to mitochondrial structural and functional disorder

during gastric mucosal injury. The phyto-polyphenol, honokiol, acting

as a Sirt3 inducer, offers strong gastroprotection while not affecting

gastric acid secretion. Precisely exploiting this knowledge may lead to

the design of novel gastroprotective compounds, specifically targeting

mitochondria. Furthermore, NSAID treatment, coupled with endoge-

nous Sirt3 stimulation by honokiol, may definitely help to optimize the

therapeutic usage of these ‘wonder drugs’, while avoiding their side

effects.
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NSAID targets SIRT3 to trigger mitochondrial
dysfunction and gastric cancer cell death
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SUMMARY

Gastric cancer (GC) is a deadly malignancy that demands effective therapeutic intervention capitalizing
unique drug target/s. Here, we report that indomethacin, a cyclooxygenase non-selective non-steroidal
anti-inflammatory drug, arrests GC cell growth by targeting mitochondrial deacetylase Sirtuin 3
(SIRT3). Interaction study revealed that indomethacin competitively inhibited SIRT3 by binding to nicotin-
amide adenine dinucleotide (NAD)-binding site. The Cancer Genome Atlas data meta-analysis indicated
poor prognosis associated with high SIRT3 expression in GC. Further, transcriptome sequencing data
of human gastric adenocarcinoma cells revealed that indomethacin treatment severely downregulated
SIRT3. Indomethacin-induced SIRT3 downregulation augmented SOD2 and OGG1 acetylation, leading
to mitochondrial redox dyshomeostasis, mtDNA damage, respiratory chain failure, bioenergetic crisis,
mitochondrial fragmentation, and apoptosis via blocking the AMPK/PGC1a/SIRT3 axis. Indomethacin
also downregulated SIRT3 regulators ERRa and PGC1a. Further, SIRT3 knockdown aggravated indometh-
acin-induced mitochondrial dysfunction as well as blocked cell-cycle progression to increase cell death.
Thus, we reveal how indomethacin induces GC cell death by disrupting SIRT3 signaling.

INTRODUCTION

Gastric cancer (GC) is the 5th most commonly (5.6%) diagnosed cancer and 4th most leading (7.7%) cause of cancer deaths1 with a low 5-year

overall survival (OS) rate.2 Despitemuch advances in experimental and clinical anti-cancer research, treatment options for advanced-stageGC

are still inadequate owing to the molecular heterogeneity and complex pathogenesis.3 Thus, precisely understanding the pathological basis

along with identifying potential anti-GC strategies is warranted. Further, rampantly escalating anti-neoplastic drug resistance in gastric ma-

lignancies alarmingly underscores the urgency for identifying convenient druggable targets as well as associated low-cost therapeutic op-

tions/drugs which can also tame down the financial burden of expensive immunotherapy modalities. Repurposing of already Food and

Drug Administration (FDA)-approved drugs as effective neo-adjuvant anti-cancer agents is therefore increasingly exploited to overcome

anti-cancer multidrug resistance as well as in cancer stem cell therapeutics. Contextually, non-steroidal anti-inflammatory drugs (NSAIDs)

have emerged, of late, as promising anti-neoplastic agents against diverse high-risk malignancies.4–7

Mitochondrial DNAs (mtDNAs) in cancer cells are highly susceptible to oxidative genotoxic stress by anti-cancer drugs.8 Contextually,

8-oxoguanine DNA glycosylase (OGG1) and superoxide dismutase 2 (SOD2), the major mitochondrial proteins mitigating oxidative damage,

are regulated by deacetylation-dependent stabilization.9 Further, diverse proteins involved in glycolysis, tricarboxylic acid (TCA) cycle, lipid

and amino acid metabolism, and redox homeostasis as well as regulators of mitochondrial biogenesis, dynamics, mitochondrial permeability

transition pore opening, and components of electron transport chain (ETC) are also regulated by deacetylation.10 This highlights the impor-

tance of deacetylation as a crucial regulator of cellular pathophysiology. In this regard, longevity-promotingNAD+-dependent mitochondrial

deacetylase sirtuin 3 (SIRT3), popularly referred to as the ‘‘guardian of mitochondria,’’ is critically implicated in myriad diseases including can-

cer.11 Although toxic effects of NSAIDs in cancer cells were suggested,5,7 it is yet unexplored whether SIRT3 deacetylase is targeted by these

age-old wonder drugs in GC cells as a part of their cytotoxic effect, if at all.

1Division of Infectious Diseases and Immunology, CSIR-Indian Institute of Chemical Biology, 4 Raja S.C. Mullick Road, Kolkata 700032, India
2Department of Zoology, Cooch Behar Panchanan Barma University, Cooch Behar, West Bengal 736101, India
3Department of Zoology, Raja Peary Mohan College, 1 Acharya Dhruba Pal Road, Uttarpara, West Bengal 712258, India
4Division of Bioinformatics, Bose Institute, EN 80, Sector V, Bidhan Nagar, Kolkata 700091, India
5Structural Biology and Bioinformatics, CSIR-Indian Institute of Chemical Biology, 4 Raja S.C. Mullick Road, Kolkata 700032, India
6Amity Institute of Biotechnology, Amity University, Kolkata, Plot No: 36, 37 & 38, Major Arterial Road, Action Area II, Kadampukur Village, Newtown, Kolkata 700135, India
7Department of Biological Sciences, Bose Institute, Unified Academic Campus, EN 80, Sector V, Bidhan Nagar, Kolkata 700091, West Bengal, India
8Lead contact
*Correspondence: ubandyo_1964@yahoo.com
https://doi.org/10.1016/j.isci.2024.109384

iScience 27, 109384, April 19, 2024 ª 2024 The Author(s).
This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).

1

ll
OPEN ACCESS

mailto:ubandyo_1964@yahoo.com
https://doi.org/10.1016/j.isci.2024.109384
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.109384&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/


Here, we report withmechanistic details that indomethacin, a known cyclooxygenase (COX) non-selective anti-inflammatory drug, induces

human gastric adenocarcinoma (AGS) cell death by negatively targeting both the activity and expression of SIRT3 thereby causing mitochon-

drial pathology. Moreover, indomethacin was also found to directly suppress SIRT3 regulators, PGC1a and ERRa, as well as affect AMP-acti-

vated protein kinase (AMPK) activation to block the AMPK-PGC1a-SIRT3 signaling axis. This study certainly provides novel therapeutic in-

sights into indomethacin-based anti-neoplastic treatment modalities wherein targeted SIRT3 inhibition can be strategically exploited to

optimize the benefits toward anti-cancer therapeutics.

RESULTS

Indomethacin triggers GC cell death by inflicting mitochondrial pathology

Indomethacin was found to induce GC cell death in both dose- and time-dependent manner (Figures 1A–1C). We subsequently ventured to

explore the detailedmechanism through which it induces GC cell death. As mitochondrial integrity is essential for maintaining cellular health,

we immediately checked mitochondrial functional parameters. Contextually, mitochondrial dysfunction was clearly evident from significant

mitochondrial depolarization (Figure 1D) and ATP depletion in indomethacin-treated AGS cells (Figure 1E). Next, we checked mitochondrial

dynamics and quality control asmitochondrial fission-fusion homeostasis is essential for maintaining cellularmetabolic integrity. Interestingly,

upon indomethacin treatment significant upregulation of fissogenic regulators such as phospho-DRP1ser616 and total DRP1 and depletion of

fusogenic mediators including OPA1 and MFN1 as well as phospho-DRP1ser637 were observed indicating that mitochondrial dynamics

Figure 1. Indomethacin detrimentally affects gastric cancer (AGS) cell viability by inducing mitochondrial dysfunction and cell death

(A) Bar graph showing dose response pattern of indomethacin, checked as AGS cell viability by following MTT reduction.

(B) Phase-contrast micrographs (representative images) of AGS cells treated with indicated indomethacin for the indicated duration (in hours).

(C) Kinetic evaluation of AGS cell viability as measured by MTT reduction assay in indomethacin-treated cells.

(D) Flow cytometric detection of mitochondrial transmembrane potential change (DJm) in AGS cells upon indomethacin treatment. 10,000 cells were checked

per set and numerical values within the quadrants indicate the percentage of cells therein.

(E) Bar graph showing ATP content in ‘‘Con’’- and ‘‘Indo’’-treated AGS cells for 24 h.

(F‒H) Immunoblots of pDRP1ser637, DRP1, pDRP1ser616, OPA1, and MFN1 (F), PINK1, PARKIN, and TOM 20 (G), Cyclin D1, Cyclin D3, CDK4, CDK2 (H).

(I) Flow cytometry analysis of cell cycle in ‘‘Con’’- and ‘‘Indo’’-treated cells. 10,000 cells were checked per set; pie charts are presented as insets of the respective

histograms.

(J and K) Immunoblots of BAX, BCL-xL and cleaved PARP (J), cleaved caspase-9, cytochrome c, and cleaved caspase-3 (K) in ‘‘con’’- and ‘‘indo’’-treated AGS cells

with 0.5 mM indomethacin for 24 h. ACTIN was used as the loading control for all the immunoblots. Representative blot alongside of bar graph (F–H, J–K). (A, C)

Data are meanG SD. **p < 0.01; ***p < 0.001; ****p < 0.0001 versus ‘‘indomethacin 0 h’’ calculated by one-way ANOVA followed by Bonferroni’s post hoc test.

(E–H, J–K), Data are mean G SD. *p < 0.05; **p < 0.01 versus control calculated by unpaired Student’s t test with Welch correction. ns: non-significant. The

number of independently repeated experiments is 3 in every experiment.
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trajectedmore toward fission (Figure 1F). To checkwhether this hyperfission is associatedwithmitophagy, we followed the protein expression

profiles of key mitophagy regulators like PINK1 and PARKIN. To this extent, upregulation of PINK1 and PARKIN clearly indicated elevation of

mitophagy upon indomethacin treatment (Figure 1G). Moreover, reduction of TOM20 expression also validated the depletion of mitochon-

drial copy number as a logical consequence of elevatedmitophagy (Figure 1G). Further, we evaluated cell-cycle parameters to understand the

impact of mitochondrial dysfunction on cell proliferation. In this regard, indomethacin-induced mitochondrial dysfunction was found to be

associated with altered expression of crucial components of cell cycle (Figure 1H). Indomethacin treatment drastically reduced the expression

of CDK4, CDK2, cyclin D1, and cyclin D3 implying the suppressive effect of indomethacin on AGS cell-cycle progression. Flow cytometry anal-

ysis further revealed the overall impact of indomethacin on the different stages of cell cycle wherein it was clearly evident that there was a

significant elevation in the sub-G0 population along with a considerable reduction in the S and G2/M phase population in the indometh-

acin-treated cells (Figure 1I). Finally, it was observed that indomethacin triggered the activation of apoptosis as evident from the elevation

of Bcl-2 associated X-protein (BAX) and poly (ADP-ribose) polymerase (PARP) cleavage but depletion of BCL-xL (Figure 1J). Direct mitochon-

drial involvement, via activation of intrinsic apoptosis, was reflected as elevation of cleaved caspase-9 and caspase-3 as well as cytochrome c

(Figure 1K).

Indomethacin inhibited mitochondrial deacetylase SIRT3 and interacted with the NAD-binding site

As indomethacin induces mitochondrial dysfunction and it has myriad COX-independent effects, we zoomed into the intricacies of mito-

chondrial metabolism and checked whether indomethacin affects the function of SIRT3, the guardian of mitochondria that regulates

several aspects of mitochondrial functions by virtue of its deacetylase activity. By in silico screening, we primarily checked whether indo-

methacin at all interacts with SIRT3 using accurate molecular docking. Thermodynamic stability of SIRT3-indomethacin complex and bind-

ing free energy of indomethacin were obtained by screening against SIRT3 conformers using molecular docking studies using a stochastic

algorithm (randomly screening through several possible configurations and repeating the process until convergence is achieved). 31 crystal

structures (retrieved 1 Sept 2022) of SIRT3 (UniProtKB: SIR3_HUMAN) were obtained (Table S1) from the Protein Data Bank (PDB) or the

PDB-REDO repositories.12 Based on the model qualities (according to the Worldwide Protein Data Bank [wwPDB] validation report avail-

able at the PDB website), 22 crystal structures with good geometries and electron density map fitting were selected for docking studies

with indomethacin (Table S2). Indomethacin indeed appeared to be a potent ligand with fairly low binding energy (�10.06 kcal/mol) with

SIRT3 (Figure S1; Table S2). Mean binding energy of indomethacin across different conformers of SIRT3 was found to be �8.43 G

0.89 kcal/mol, indicating a strong interaction with a binding dissociation constant of 1.77 G 2.8 mM. Computed binding energy for the

control ligands, 5-bromo resveratrol (PDB ID: BVB in 4C7B) and (S)-selisistat (PDB ID: OCZ in 4BV3), was found to be �6.21 kcal/mol

and �9.23 kcal/mol, respectively. Thus, indomethacin binding with SIRT3 is better than BVB and comparable to OCZ. However, the bind-

ing site of indomethacin does not overlap with that of BVB or OCZ (Figure S2). Based on the clustering of binding patterns, most probable

binding modes for indomethacin are presented (Figure S1). When compared with NAD binding (Figure S2), indomethacin binding indi-

cates competitive mode of interaction with NAD because of binding-site overlap. Binding energies for NAD and ADP-D-ribose

are �10.14 kcal/mol and �9.07 kcal/mol, respectively, which are similar to binding energy of indomethacin suggesting plausible compe-

tition for binding site between indomethacin and NAD.

Molecular dynamics simulation was further performed with four low-energy/high-frequency-bound conformers (Figure S1) of indometh-

acin as obtained by docking to probe the stability of the binding modes and understand the specific interactions involved. Apo- and

NAD-bound holo-conformations of SIRT3 were studied as controls. Snapshots of protein/protein-ligand complex structures at 2.4 ns intervals

and superimposed for comparison are presented (Figures 2A–2F) for qualitative understanding of the stability of apo-, holo-, and indometh-

acin-bound complexes. Further, quantitative depiction is presented (Figures 2G–2I) in terms of time-correlated or time-averaged standard

deviations (root-mean-square deviation [RMSD] and root-mean-square fluctuation [RMSF], respectively). Apoprotein as well as the NAD-

bound holoprotein shows impeccable structural integrity in water. Initial 2–3 Å increase in RMSD is observed due to the relaxation of crystal

structure in solvent environment (Figure 2G). Once equilibrated, both the apoprotein and holoprotein maintained a stable conformation

throughout the simulation timescale. Out of the four probable complexes of indomethacin, 5z94 complex was the most stable followed

by 3glt complex. In the case of the 4bvf complex, the ligandmoved to the distal end of the NAD-binding tunnel and attained a stable confor-

mation. However, in 4jt8, the ligand dissociated from the binding site (marked by sudden increase in RMSD at around 80 ns [Figure 2H]). No

stable interaction could be observed in the rest of the simulation trajectory although the ligand remained bound to the surface of the enzyme.

Ligand binding in all the cases was found to induce perturbations in the helical module in the zinc-binding domain (Figure S3). This is also

reflected in the increased Ca RMSF (Figure 2I).

Further, interacting amino acid residues and the important functional groups of indomethacin were identified by analyzing the protein

ligand contacts over the simulation trajectory (Figures S4 and S5). Significant SIRT3-ligand contacts were observed at least 20% of times dur-

ing the simulation for three most stable conformers (5z94, 3glt, and 4bvf) (Figures 2J‒2L). In 5z94 and 3glt, binding occurs near the catalytic

His248 residuewith similar interactions. His248 can form a hydrogenbondwith the amide carbonyl (57%) or a pi-stacking interaction (42%) with

the chlorobenzenemoiety of indomethacin. Phe180 and Phe294 are also involved in pi-stacking interaction with the indole ring (44%) or chlo-

robenzene (29%) of indomethacin. Arg158 is an important NAD-binding residue that was found to form a salt bridge (24%) with the carbox-

ylate group of indomethacin. It can also form a cation-pi interaction (23%) with the chlorobenzene group. The carboxylate group of indometh-

acin was found to interact with Glu177 of the protein via two water bridges (36%). Gly295 can stabilize the methoxy group by donating a

hydrogen bond (38%). Apart from these specific interactions, Phe157, Phe294, and Ile230 formed hydrophobic contacts with chlorobenzene,
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Figure 2. Indomethacin inhibits deacetylase activity of SIRT3 and shows competitive inhibition by binding to NAD-binding site

(A) Apoenzyme (PDB: 3glu) control in SPC water under OPLS-AA force field for 240 ns. 100 snapshots at 2.4 ns intervals are superimposed. Protein is shown in

ribbon representation and N-terminal to C-terminal is colored in rainbow (blue to red). Active site is labeled.
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indole, andmethoxy moieties, respectively (Figures 2J and 2K). On the other hand, 4bvf shows a stable bound conformation of indomethacin

in the distal part of NAD-binding tunnel (Figure 2L). In this conformation, the carboxylate group of indomethacin forms water bridges with

Thr320 and Glu323 and a direct hydrogen bond with Ser321. Arg345 forms a cation-pi interaction with the indole and a hydrogen bond

with the amide carbonyl of indomethacin. Val366 forms hydrophobic contacts with chlorobenzene moiety. Thus, the amide carbonyl, indole,

carboxylate, chlorobenzene, and themethoxymoiety of indomethacin were found to play significant roles in the interaction with SIRT3. SIRT3-

indomethacin interaction, observed in silico, was next validated using isothermal calorimetry (ITC). Recombinant human SIRT3 (rhSIRT3) was

gradually titrated with indomethacin, and the detectable heat changes were measured using a sensitive micro-calorimeter (Figure 2M). A se-

ries of initial indomethacin injections weremadewherein themicro-calorimetermeasured the heat release. The quantity of heatmeasured, as

depicted in the isotherm, was found to be directly proportional to the amount of rhSIRT3-indomethacin binding (measured in mJ/s). Themolar

ratio between indomethacin and rhSIRT3 was gradually increased through a series of indomethacin injections whereupon rhSIRT3 got more

andmore saturated, thereby resulting less binding of indomethacin. Consequently, the heat change (enthalpy) started to decrease which was

documented (Figure 2M). Finally, to explore the fate of SIRT3-indomethacin interaction, we measured the deacetylase activity of SIRT3 in the

mitochondrial extract from AGS cells treated with indomethacin (used at a dose that triggered mitochondrial pathology and cell death

mentioned in the precious data). It was clearly observed that indomethacin significantly reduced the deacetylase activity of SIRT3 (Figure 2N).

Further, to check whether indomethacin per se or any of its metabolic by-product causes this SIRT3 inhibition, we directly measured the ac-

tivity of rhSIRT3 deacetylase in presence/absence of different concentrations of indomethacin. Fluorescence, generated by rhSIRT3 deace-

tylase-dependent modification of the fluorescent-labeled acetylated substrate peptide, indicated that indomethacin significantly inhibited

the deacetylase activity of rhSIRT3 (Figure 2O).

Human dataset mining revealed the prognostic relevance of SIRT3 in GC

Before delving deeper into further exploring the mechanistic basis of indomethacin-SIRT3 interaction and its effect on AGS cells, we checked

whether SIRT3 abundance has any direct clinical impact on GC. The Cancer Genome Atlas (TCGA) data for normal and patient-derived stom-

ach adenocarcinom (STAD) samples were analyzed. Difference in SIRT3 expression between primary gastric tumor (n = 415) and normal tis-

sues (n = 34) was followed (Figure 3A). The University of Alabama at Birmingham Cancer data analysis portal (UALCAN) analysis revealed that

tumor samples have significantly higher median (40.549 transcript per million) SIRT3 transcripts compared to normal (19.018 transcript per

million). Further, we checked the concordance of the gene expression pattern with SIRT3 protein expression. Immunohistochemical archives

of representative normal and GC samples in the Human Protein Atlas database (stained with the antibody CAB037142) revealed high expres-

sion of SIRT3 in the tumor cells compared to medium expression in the glandular cells (Figure 3B). The representative image of the patient

sample, in the figure, indicates intestinal-type GC. Next, UALCAN analysis of SIRT3 expression based on pathological staging of GC revealed

that SIRT3 expression is higher in the late-stage tumors implying its plausible association with tumor progression and invasion (Figure 3C).

Moreover, high SIRT3 expression was also documented in the various histological subtypes of GC as evident in the TCGA patient data (Fig-

ure 3D). Because the predominance of GC varies in the different races, we checked SIRT3 expression in the patient data from Caucasian, Af-

rican American, and Asian samples and found that, while there is significant difference in SIRT3 expression between normal and tumor

Figure 2. Continued

(B) NAD+-bound holoenzyme (PDB: 4bv3) control. NAD+ in white stick model is labeled, and the binding region is encircled with white dashed line.

(C) 4jt8 indomethacin complex. Indomethacin is shown in white stick model, and the binding region is encircled with white dashed line.

(D) 3glt indomethacin complex.

(E) 4bvf indomethacin complex.

(F) 5z94 indomethacin complex.

(G) Protein backbone Ca RMSD for apoenzyme, holoenzyme, and all the indomethacin-bound complexes of apoenzymewith respect to the initial conformations.

(H) RMSD of indomethacin in all the four bound complexes with respect to the initial conformation of the complexes.

(I) Residue-wise fluctuations (RMSFs) in protein backbone for apo, holo, and indomethacin-bound conditions.

(J‒L) Time average interaction of indomethacin with sirtuin 3 (5z94, 3glt. 5bvf) as obtained from molecular dynamics simulations. Three possible conformations

are shown. 5z94 and 3glt show binding near the active site. His248. 4bvf shows binding in the distal part of NAD+ binding channel. (J) In 5z94, catalytic His248

forms a hydrogen bond (pink arrow from H donor to acceptor) with the amide carbonyl moiety of indomethacin. Phe180 showed pi-stacking interaction (green

lines) with the indole ring of indomethacin. Carboxylate group of indomethacin formed two water bridges through H bonds (pink arrows) with Glu177 and a salt

bridge (red/blue line) with the positively charged Arg158. Phe157, Phe294, and Ile230 formed hydrophobic contacts with chlorobenzene, indole, and methoxy

moieties, respectively. (K) 3glt shows another stable bound conformation of indomethacin within the active site of the enzyme. In this conformation catalytic

His248 forms pi-stacking with chlorobenzene moiety of indomethacin along with Phe180 (green lines). Positively charged Arg158 forms cation-pi interaction

(red line) with chlorobenzene. Phe294 forms pi-pi stacking (green line) with the indole moiety of indomethacin. Gly295 forms a hydrogen bond (pink arrow

from H donor to acceptor). (L) 4bvf shows yet another stable bound conformation in the distal part of NAD+ binding tunnel. In this conformation, the

carboxylate group of indomethacin forms water bridges with Thr320 and Glu323 and a direct hydrogen bond (pink arrows) with Ser321. Arg345 forms a

cation-pi interaction with the indole and an H bond with the amide carbonyl of indomethacin. Val366 forms hydrophobic contacts with chlorobenzene moiety.

(M) Isothermal titration plot for rhSIRT3-indomethacin interaction.

(N) SIRT3 deacetylase activity in mitochondrial extract treated with 0.5 mM indomethacin. Data are mean G SD. ***p < 0.001 versus indomethacin 0 mM

calculated by unpaired Student’s t test with Welch correction.

(O) Dose-dependent inhibition of rhSIRT3 deacetylase activity by indomethacin. Data aremeanG SD. ****p < 0.0001 versus indomethacin 0mMcalculated using

one-way ANOVA with Bonferroni’s post hoc test. See also Figures S1–S5.
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Figure 3. High SIRT3 expression is associated with poor prognosis of GC

(A) UALCAN analysis for the correlation between SIRT3 mRNA expression and human gastric adenocarcinoma; p < 1E-12 for Normal-vs-Primary tumor.

(B) SIRT3 expression in gastric cancer and normal tissues from the Human Protein Atlas (HPA) database. Immunohistochemical staining done with antibody

CAB037142.

(C) UALCAN analysis for the correlation between SIRT3 mRNA expression and pathological stages of human gastric adenocarcinoma; N-vs-S1 6.417E-04, N-vs-

S2 <1E-12, N-vs-S3 1.624E-12, N-vs-S4 6.911E-11.

(D) UALCAN analysis for the correlation between Sirt3 mRNA expression and histological subtypes (Adenocarcinoma NOS, Adenocarcinoma

Diffuse, Adenocarcinoma SignetRing, Intestinal Adenocarcinoma NOS, Intestinal Adenocarcinoma Tubular, Intestinal Adenocarcinoma Mucinous,

Intestinal Adenocarcinoma Papillary) of human gastric adenocarcinoma; p 1.62458935193399E-12 for Normal-vs-Adenocarcinoma (NOS), 5.06639175057444E-

12 for Normal-vs-Adenocarcinoma (Diffuse), 1.16906484493029E-13 for Normal-vs-Adenocarcinoma (Signet Ring), 1.63247193540883E-12 for Normal-vs-

Intestinal Adenocarcinoma (NOS), 1.6251444634463E-12 for Normal-vs-Intestinal Adenocarcinoma(Tubular), 1.756760E-04 for Normal-vs-Intestinal

Adenocarcinoma(Mucinous), 8.439600E-03 for Normal-vs-Intestinal Adenocarcinoma(Papillary).

(E) UALCAN analysis for the correlation between SIRT3 mRNA expression and human races (Caucasian, African American, and Asian); p 1.62436730732907E-12

for Normal-vs-Caucasian, 7.583800E-03 for Normal-vs-African American, 1.62447832963153E-12 for Normal-vs-Asian.

(F) Kaplan-Meier survival curve comparing the high and low expressions of SIRT3 (n = 875) in overall survival (OS) checked with mRNA gene chip Affy ID:

221913_at; HR: 1.99 (1.62–2.44), log rank P: 3.0E-11, FDR: 1%.
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samples, there was no apparent significant difference between the races implying elevated SIRT3 expression as a general property of gastric

malignancies (Figure 3E). All these associations logically warranted to explore the prognostic relevance of elevated SIRT3 transcripts. Kaplan-

Meier survival curves indeed revealed that high SIRT3 expression is associated with lowmedian OS of 24.6 months, compared to 99.4 months

in low SIRT3 expression (hazard ratio [HR] = 1.99, log rank P = 3e-11) (Figure 3F), thereby suggesting bad prognosis. Cumulatively, TCGA data

indicate that SIRT3 expression can be a prognostic indicator of mortality risk in GC.

Transcriptome analysis revealed SIRT3 as a major hub gene targeted by indomethacin to detrimentally affect multiple

metabolic pathways in AGS cells

So far, it was found that indomethacin directly inhibited the deacetylated activity of SIRT3. Now we were interested to know whether it only

inhibits the activity or it has any effect on the expression of SIRT3 in human GC cells. To check the status of SIRT3 upon indomethacin treat-

ment, high-depth next-generation transcriptome sequencing of control and indomethacin-treated AGS cells was performed for an overall

probing of SIRT3 and associated genes as well as signaling pathways/gene expression programs affected by indomethacin. Heatmap (Fig-

ure 4A) showing the differentially expressedgenes (DEGs), analyzedwith a log fold change (FC) cutoff of 1.5 (false discovery rate [FDR]%0.05),

revealed clear separate sample clustering, with 3,984 upregulated and 4,474 downregulated genes in indomethacin-treated cells compared

to ‘‘control’’ (File S1A–S1C) (GSE202140). Gene enrichment analysis with IPA (ingenuity pathway analysis) identifiedgene expression programs

among which ‘‘Sirtuin signaling pathway’’ and associated DEGs drew special attention owing to their association with myriad cellular events

(Figures 4B and 4C). We subsequently used MCODE13 plugin in Cytoscape14 to build the gene interaction network and screened the hub

gene/s regulating mitochondrial metabolism and cellular integrity. Notably, SIRT3 appeared as one of the top hub genes controlling myriad

signaling pathways. Other crucial regulators of mitochondrial metabolism including ETC complex subunits, SOD, FOXO3/1, voltage-depen-

dent anion channel 1 (VDAC1), mammalian target of rapamycin (MTOR), and nuclear factor kB (NF-kB) subunits were also observed

(Figure 4D). IPA-based interactome analysis further indicated that SIRT3 is intricately connected with most of these players. The putative as-

sociation of SIRT3 with indomethacin-associated GC cell death, as reflected in transcriptome data, fascinated us to delve deeper into the

functional aspects of SIRT3. We further zoomed into the heatmaps for checking specific gene expression profiles altered by indomethacin

including ‘‘mitochondrial central dogma’’ (Figure 4E), oxidative phosphorylation (‘‘OXPHOS’’) (Figures 4F–4H), and major arms of cancer

metabolism including carbohydrate (Figures 4I and 4J) and fatty acid (Figure 4K) metabolism. Incidentally, majority of the DEGs reflected

a significant gross downregulation upon indomethacin treatment thereby reiterating themultidimensional damage caused by indomethacin.

Further the data also implied that, being a dominant regulator of cellular metabolism and longevity, loss of SIRT3 during indomethacin treat-

ment was logically associated with activation of myriad subcellular factors and signaling pathways underlying metabolic crisis and cell death.

Downregulation of indomethacin-induced SIRT3 underlies the reduction of ETC complex gene expression, mitochondrial

fragmentation, aberrant mitophagy, and cell death via PGC1a/AMPK-dependent signaling

Downregulation of SIRT3, as indicated in sequencing, was validated by RT-qPCR (Figure 5A) followed by evaluation at the protein level to

inquire the effect of indomethacin on SIRT3 protein expression. It was found that indomethacin treatment dose-dependently triggered

SIRT3 protein depletion (Figure 5B). Before proceeding further, we compared basal SIRT3 expression profile between GC cells and non-ma-

lignant gastric cells (Figure 5C). Immunoblot data clearly indicated that SIRT3 expression was significantly higher in the AGS cells compared to

human normal cell line Hs738. Further, it was also observed that a much higher concentration of indomethacin was required for reducing the

viability of Hs738 cells as well as downregulating SIRT3 expression, thereby substantiating the fact that indomethacin-induced cell death is

strongly associated with inherently upregulated SIRT3 levels in GC cells (Figures S6A‒S6C) and that indomethacin-induced cytotoxicity is

more pronounced and attainable at a much lower concentration in AGS cells compared to normal cells. Moving forward, we observed

that, in AGS cells, indomethacin time-dependently reduced the expression of SIRT3 in concurrence with downregulating OGG1, a prime

SIRT3 target as well as the principal base excision repair protein correcting mtDNA damage (Figure 5D). Because SIRT3 is a deacetylase,

we next checked the functional consequence of SIRT3 depletion on the acetylation status of mitochondrial proteome and specifically itsmajor

targets OGG1 and SOD2. Acetylation of mitochondrial proteome (Figure 5E) and specifically that of OGG1 and SOD2 (Figure 5F) were signif-

icantly elevated along with profound increase of 8-oxo-dG content in mtDNA (Figure 5G). This was found concurrently with significant reduc-

tion of SOD2 enzymatic activity (Figure 5H), thereby suggestingmtDNAdamage and concerted downregulation of mitochondrial antioxidant

defense. Contextually, it is worth mentioning that Kaplan-Meier survival curves for OGG1-high-expressing groups also indicated a lower me-

dian OS of 23.2 months (HR = 1.87, log rank p = 6.7e-12) compared to OGG1-low-expressing groups with 77.2 months (Figure S7), thereby

reiterating the prognostic relevance of SIRT3-OGG1 duo in GC.

Because indomethacin-dependent SIRT3 reduction accompanied OGG1 downregulation, ATP depletion, and compromised cell viability,

we therefore checked the status ofmtDNA-encodedETC subunits and founddownregulation ofMT-ND1,MT-ND6,MT-ATP6,MT-CYTB, and

MT-CO1 corresponding to complex I, V, III, and IV, respectively, after indomethacin treatment (Table S3). To understand themechanistic basis

of indomethacin-induced SIRT3 depletion, we next checked whether indomethacin targets the upstream transcriptional control on SIRT3

expression as induced by peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PGC1a) and estrogen receptor related re-

ceptor a (ERRa). We observed that indomethacin drastically reduced PGC1a and ERRa expression (Figure 5I). The data further indicated that

indomethacin also suppressed AMPK activation (Figure 5J), thereby affecting the AMPK/PGC-1a/SIRT3 signaling axis which plausibly oper-

ates in a feedback loop.15
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Figure 4. Transcriptome data indicating cellular metabolic crisis and mitochondrial dysfunction by indomethacin in gastric cancer cells

(A) Heatmap shows separate clustering of ‘‘Con’’ and ‘‘Indo’’ (FDR % 0.05). Euclidean distance metric was used while clustering the gene expression data. The

expression value of genes analyzed with fold change cutoff of 1.5; color gradient scale with white being highly downregulated to green being highly upregulated.

(B) Dot plot showing enriched canonical pathways. The size of dots represents the proportion of genes involved in the particular signaling/pathway while the

range of color indicates Bonferroni corrected p values (-log transformed). The ratio represents the number of genes in fraction with respect to the total

number of genes that map to the same pathway.

(C) Bar graph showing the disease and functions enriched in the ‘‘Indo’’ set.

(D) Hub gene network. The expression values of genes are represented with color gradient scale with blue being highly downregulated to red being highly

upregulated.

(E–K) Heatmap shows the association of a subset of DEGs with mitochondrial central dogma including ‘‘mtDNA maintenance,’’ ‘‘mtRNA metabolism.’’ and

‘‘mitochondrial translation’’ (E), OXPHOS subunits including genes for complex I (CI), complex II (CII), complex III (CIII), complex IV (CIV), and complex V (CV)

(F), OXPHOS assembly factors including genes for complex I (CI), complex II (CII), complex III (CIII), complex IV (CIV), and complex V (CV) (G), OXPHOS

enzymes and cofactors (H), ‘‘glycolysis’’ and ‘‘gluconeogenesis’’ (I), ‘‘TCA cycle’’ (J), ‘‘fatty acyl CoA synthesis’’ and ‘‘fatty acid b-oxidation’’ (K) between ‘‘Con’’

and ‘‘Indo’’ (FDR % 0.05). The expression value of genes analyzed with fold change cutoff of 1.5; color gradient scale with blue: downregulated to red:

upregulated (E–K). All sequencing experiments were done in triplicates.
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SIRT3 knockdown aggravates indomethacin-induced mitochondrial damage and cytopathology

If SIRT3 is so essential for regulating cellular and mitochondrial metabolism, we asked what would be the fate of indomethacin treatment in

SIRT3-silenced cells. Further, it would also functionally validate the data so far. Phase-contrast images indicated that SIRT3 knockdown ampli-

fied indomethacin-induced cytoarchitectural damage (Figure S8). SIRT3 knockdown intensified indomethacin-induced SIRT3 and OGG1

downregulation (Figure 6A) along with aggravating OGG1 and SOD2 acetylation (Figure 6B). Functional impact of SIRT3 knockdown was

observed in flow cytometric data indicating intra-mitochondrial superoxide ion (O2
.-) elevation (Figure 6C). Intra-cellular 8-oxo-dG

Figure 5. Indomethacin by downregulating SIRT3 reduces mtDNA-encoded ETC complex gene expression and induces mitochondrial hyperfission and

cell death

(A) Quantitative RT-PCR for SIRT3 gene expression in control and indomethacin-treated cells; bar graph indicates fold change in gene expression relative to

control (after normalization by GAPDH).

(B) Immunoblot of SIRT3 in AGS cells treated with indomethacin at indicated concentrations for 24 h.

(C) Immunoblot of SIRT3 in Hs738 and AGS cells.

(D) Immunoblots of SIRT3 and OGG1 in AGS cells treated with 0.5 mM indomethacin for the indicated duration. ACTIN was used as the loading control (B–D).

(E) Immunoblot of acetylated lysine in the mitochondrial fraction of AGS cells treated with 0.5 mM indomethacin for 24 h. TOM20 was used as the loading control.

(F) Immunoblots of acetylated OGG1 and acetylated SOD2 in AGS cells treated with 0.5 mM indomethacin for 24 h. ACTIN was used as the loading control.

(G) mtDNA damage as measured by 8-oxo-dG ELISA in AGS cells treated with 0.5 mM indomethacin for 24 h.

(H) Mitochondrial SOD2 activity in AGS cells treated with 0.5 mM indomethacin for 24 h.

(I and J) Immunoblots for PGC1a, ERRa (I), pAMPKa and AMPKa (J) in ‘‘‘Con’’- and ‘‘Indo’’-treated AGS cells. ACTIN was used as the loading control. The number

of independent experiments is 3 (A–J). Representative blot below the bar graph (B–D) and alongside the bar graph (E and F; I and J). (A, C, E–J), Data aremeanG

SD. *p < 0.05; **p < 0.01; ***p < 0.001 versus control calculated by unpaired Student’s t test with Welch correction. (B, D) Data are mean G SD. ***p < 0.001;

****p < 0.0001 versus ‘‘Indo 0 mM (B) or Indo 0 h’’ (D) calculated by one-way ANOVA followed by Bonferroni’s post hoc test. ns: non-significant. The number of

independently repeated experiments is 3 in every experiment. See also Figures S6 and S7.
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accumulation, as observed in confocal micrographs, further validated the consequence of OGG1 downregulation (Figure 6D). Aggravated

mitochondrial oxidative stress further translated into loss ofmitochondrial integrity as evident from exacerbatedmitochondrial depolarization

in SIRT3-silenced cells supplemented with indomethacin compared to small interfering RNA against SIRT3 (siSIRT3) or indomethacin treat-

ment alone (Figure 6E).

Figure 6. SIRT3 silencing aggravates indomethacin-induced mitochondrial dysfunction and associated cytotoxic responses in AGS cells

(A) Immunoblot of SIRT3 and OGG1 in SIRT3-silenced AGS cells treated with indomethacin for 24 h.

(B) Immunoblot of acetylated OGG1 and SOD2 in SIRT3-silenced AGS cells treated with indomethacin for 24 h.

(C) Flow cytometric detection of mitochondrial superoxide ion (O2
.-) accumulation in SIRT3-silenced AGS cells treated with indomethacin (0.5 mM) for 24 h.

(D) Confocal immunofluorescent micrographs showing 8-oxo-dG (green) and TOM20 (red) in SIRT3-silenced AGS cells treated with indomethacin (0.5 mM) for

24 h.

(E) Flow cytometric detection of DJm (mitochondrial membrane potential change) in SIRT3-silenced AGS cells treated with indomethacin (0.5 mM) for 24 h;

10,000 cells were checked per set and numerical values within the quadrants indicate the percentage of cells therein.

(F) Live-cell confocal immunofluorescent micrographs showing MitoTracker red-stained mitochondria and Hoechst 33342-stained nuclei for depicting

mitochondrial structural dynamics. The size bar indicates 10 mm.At least 3 randomly selected fields were captured and representativemicrographs are presented.

(G–I) Immunoblots of OPA1, MFN1 (G), pDRP1ser637, total DRP1, pDRP1ser616, mitochondrial fission factor (MFF) (H), and PINK1, PARKIN, and TOM20 (i) in SIRT3-

silenced AGS cells treated with indomethacin (0.5 mM) for 24 h. ACTIN was used as the loading control.

(J) Flow cytometry analysis of cell cycle in SIRT3-silenced AGS cells treated with indomethacin for 24 h 10,000 cell were checked per set; pie charts are presented

as insets of the respective histograms.

(K) Cell viability measured by MTT reduction assay in SIRT3-silenced cells treated with indomethacin (0.5 mM) for 24 h.

(L) Flow cytometric detection of Annexin V/PI (propidium iodide)-stained cells for measuring apoptosis in SIRT3-silenced AGS cells treated with indomethacin;

10,000 cells were checked per set. Numerical values within the quadrants indicate the percentage of cells therein.

(M and N) Immunoblots of BCL-xL, BAX, cleaved PARP and cleaved caspase-3 (M) and cleaved caspase-9, and cytochrome c (N) in SIRT3-silenced AGS cells

treated with indomethacin (0.5 mM) for 24 h. For immunoblots (A,B, G–I, M,N) ACTIN was used as the loading control and representative blots presented

below the bar graphs. Data are mean G SD. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 versus ‘‘Con siRNA’’ and #p < 0.05; ##p < 0.01; ###p < 0.001

versus ‘‘Indo.’’ Unpaired Student’s t test with Welch correction was used to compare ‘‘siSIRT3’’ versus ‘‘Con siRNA’’ while one-way ANOVA followed by

Bonferroni’s post hoc test was used to compare ‘‘Indo’’ and ‘‘siSIRT3+Indo’’ versus ‘‘Con siRNA.’’ ns: non-significant. For confocal microscopy, at least 3

randomly selected fields were captured and a representative image has been provided. The number of independently repeated experiments is 3 in every

case. Also see Figure S8.
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Figure 7. Indomethacin downregulates transcriptional regulators of SIRT3 and reduces AMPK phosphorylation

(A) Immunoblots of PGC1a and SIRT3 in PGC1a-silenced AGS cells treated with 0.5 mM indomethacin.

(B) Immunoblots of ERRa and SIRT3 in ERRa-silenced AGS cells treated with indomethacin. ACTIN was used as the loading control; representative blots are

shown below the bar graphs (A-B).

(C and D) Cell viability was measured by MTT reduction assay in PGC1a-silenced (C) and ERRa-silenced (D) AGS cells treated with 0.5 mM indomethacin for 24 h.

(E and F) Immunoblots of PGC1a and ERRa (E) and pAMPKa and AMPKa (F) in SIRT3-silenced AGS cells treated with indomethacin (0.5 mM).

(G andH) Immunoblots of COX2, cleaved PARP, SIRT3 in COX2-silenced cells treatedwith indomethacin (0.5mM) (G) and in SIRT3-silencedAGS cells treatedwith

indomethacin (0.5 mM) (H).

(I) Immunoblot for b-catenin expression in AGS cells treated with siSIRT3, indomethacin or siSIRT3+indomethacin. ACTIN was used as the loading control;

representative blots are shown below the bar graphs. Data are mean G SD. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 versus ‘‘Con siRNA’’ and
#p < 0.05; ##p < 0.01; ####p < 0.0001 versus ‘‘Indo.’’ ns: non-significant. Unpaired Student’s t test with Welch correction was used to compare ‘‘siPGC1a’’

versus ‘‘Con siRNA’’ (A, C), ‘‘siERRa’’ versus ‘‘Con siRNA’’ (B, D), ‘‘siSIRT3’’ versus ‘‘Con siRNA’’ (E, F, H, I) and ‘‘siCOX2’’ versus ‘‘Con siRNA’’ (G) One-way
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Loss of mitochondrial functional integrity got clearly reflected in mitochondrial structure which indicated profuse hyperfission as evident

from high-resolution confocal micrographs. Mitochondria displayed highly fragmented and perinuclearly clustered punctate state in indo-

methacin-treated cells compared to filamentous mitochondria in control-small interfering RNA (siRNA)-treated cells. Moreover, SIRT3

silencing further intensified shrinkage, clustering, and fragmentation of mitochondria (Figure 6F). Mitochondrial fragmentation was also

confirmed from OPA1, MFN1, and phospho-DRP1ser637 reduction and MFF, phospho-DRP1ser616, and DRP1 elevation (Figures 6G and 6H).

In fact, mitochondrial depletion and aberrant mitophagy also synchronously progressed with hyperfission (in absence of any compensatory

rescuing effect of mitochondrial biogenesis) as evident from the concerted elevation of key mitophagy regulators PINK1 and PARKIN and

reduction of TOM20 (Figure 6I). The cumulative impact of mitochondrial dysfunction due to indomethacin treatment under SIRT3-silenced

state ultimately reflected in drastic deterioration in cell cycle (as evident from significant increase in sub-G0 population) (Figure 6J) coupled

with exacerbated reduction of cell viability (Figure 6K) and increase in cell death (Figures 6L and 6M). Precisely, contribution of intrinsic

apoptosis was clearly evident from elevation of caspase-9 and cytochrome c (Figure 6N). Collectively, detrimental impact of ‘siSIRT3 + indo-

methacin’ was clearly much higher compared to either siSIRT3 or indomethacin treatment alone.

Indomethacin downregulates transcriptional regulators of SIRT3 and blocks the feedback loop of AMPK/PGC1a/SIRT3

signaling

So far, we observed that indomethacin-induced mitochondrial pathology and AGS cell death involved suppression of AMPK/PGC-1a/SIRT3

signaling axis. For further validation, we checked whether suppression of SIRT3 transcriptional regulators, per se, exerts any effect on indo-

methacin treatment. We observed that silencing PGC1a or ERRa significantly reduces SIRT3 expression. In addition, indomethacin treatment

actually aggravated the SIRT3-downregulating effect of PGC1a or ERRa knockdown (Figures 7A and 7B) to further worsen the cytoarchitec-

tural damage (Figure S8) and intensify the deterioration of cell viability (Figures 7C and 7D). Moreover, SIRT3 silencing also aggravated the

direct inhibitory effect of indomethacin on PGC1a and ERRa as well as activation of AMPKa (Figures 7E and 7F) to confirm the inhibitory effect

on the feedback loop of AMPK/PGC-1a/SIRT3 signaling.

Indomethacin-mediated SIRT3 inhibition during AGS cell death is independent of its COX2-modulating action

Being the rate-limiting factor controlling prostaglandin biosynthesis, COX2 expression contributes to cancer cell viability, metabolic integrity,

and proliferation.16,17 To check whether SIRT3 inhibition-dependent anti-cancer action of indomethacin involves COX2 or operates indepen-

dently, we specifically followed the effect of COX2 silencing on SIRT3 expression and cell viability. We observed that AGS cell cytoarchitec-

ture, viability, and death are only slightly affected by COX2 silencing (Figures S9A and S9B). Moreover, COX2 silencing also did not affect

SIRT3 expression as evident from the immunoblots (Figure 7G). On the contrary, indomethacin treatment upregulated COX2 expression

along with increasing PARP cleavage and compromising cell viability. Interestingly, COX2 silencing did not producemuch aggravating effect

on indomethacin-mediated SIRT3 reduction and cell death.We also checked the effect of SIRT3 silencing onCOX2 expression and found that

siSIRT3 treatment did not affect COX2 expression. In fact, the COX2 modulating effect of indomethacin was also found unaffected in the

SIRT3-silenced state (Figure 7H). Therefore, it was evident that SIRT3 inhibition by indomethacin operates exclusively of COX2 expression

alteration by this NSAID. Further, we also checked b-catenin protein expression under ‘‘SIRT3-silenced’’ as well as ‘‘SIRT3-silenced + indo-

methacin-treated’’ conditions and found that b-catenin expression gets reduced by both SIRT3 silencing and indomethacin treatment. How-

ever, SIRT3 silencing did not aggravate indomethacin-mediated b-catenin reduction (Figure 7I).

SIRT3 reduction is a common cytotoxic action triggered by popular NSAIDs to induce cancer cell death

Finally, we checked whether SIRT3 downregulation was specific to indomethacin or general to popular NSAIDS like diclofenac, aspirin, and

ibuprofen also exhibiting anti-neoplastic action as well as being used asmedicines for treating inflammatory disorders. Data indicated that all

these three NSAIDs significantly reduced SIRT3 expression (Figure 8A) concurrently with depleting cell viability and damaging the cytoarch-

itecture (Figures 8B and 8C). The effects were largely comparable to indomethacin, thereby suggesting SIRT3 depletion as a common event

underlying the toxic effects of NSAIDs.

DISCUSSION

The present work reports mitochondrial deacetylase SIRT3 as a direct target of indomethacin to induce COX-independent anti-proliferative

effect leading to mitochondrial pathology and GC cell death. We provide evidence that indomethacin causes competitive inhibition of SIRT3

deacetylase activity along with severely downregulating both the gene as well as protein expressions of SIRT3 to induce a comprehensive

blockage in SIRT3 signaling pathway. This SIRT3-inhibiting action of NSAIDs can be strategically used for designing novel and safer

NSAID-based strategies which can bypass the COX-dependent side effects while still retaining the cytotoxic action against cancer cells.

Figure 7. Continued

ANOVA followed by Bonferroni’s post hoc test was used to compare ‘‘Indo’’ and ‘‘siPGC1a+Indo’’ versus ‘‘Con siRNA’’ (A, C), ‘‘Indo’’ and ‘‘siERRa+Indo’’ versus

‘‘Con siRNA’’ (B, D), ‘‘Indo’’ and ‘‘siSIRT3+Indo’’ versus ‘‘Con siRNA’’ (E, F, H, I) and ‘‘Indo’’ and ‘‘siCOX2+Indo’’ versus ‘‘Con siRNA’’ (G). The number of

independently repeated experiments is 3 in every case. See also Figures S8 and S9.
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GC is a highly aggressive malignancy with complex pathogenesis, molecular heterogeneity, and dearth of effective treatment options

especially for advance-stage tumors and multiple metastases cases.18 Notably, GC is almost always diagnosed in the advanced stages

thereby further worsening the prognosis. Precise knowledge about gastric tumor biology and risk factors is therefore crucial while strategizing

treatment regimen.

Repurposing of already FDA-approved non-anti-cancer drugs for exploring their potent anti-neoplastic effects is coming to the limelight in

order to fight increasing chemoresistance and resist aggressive tumors as well as cancer stem cells. Contextually, emerging reports on drug

repurposing of NSAIDs in cancer have highlighted their anti-neoplastic potential in GCs.19–21 Although NSAIDs have side effects which are

mostly experienced in long-termusers, these age-old anti-inflammatory compounds are found to exhibit remarkable anti-cancer properties.22

Moreover, when compared with conventional anti-cancer compounds, NSAIDs appear less toxic and safer.23,24 COX-independent oncosup-

pressor effects of NSAIDs predominantly involve induction of severemitochondrial damage.25 However, precise sub-mitochondrial targets of

NSAIDs, specifically in the aggressive-phenotype GC cells, remain yet to be identified. Because cancer cell mitochondria undergometabolic

remodeling to enable survival of malignant cells in a hypoxic tumor microenvironment with high energy reequipments for rapid proliferation,

metastasis, and immune evasion, therefore we zoomed into major mitochondrial proteins acting as metabolic gatekeepers and pivotal reg-

ulators of mitochondrial structural and functional integrity. Contextually, SIRT3 appeared as a common factor linking diverse metabolic path-

ways,mitochondrial antioxidant defense, and cellular bioenergetic integrity. Often referred to as the ‘‘guardian ofmitochondria,’’ SIRT3 (via its

deacetylase activity) regulates diverse mitochondrial proteins ranging in action from TCA cycle and mitochondrial biogenesis to mitochon-

drial dynamics.26 These effects of SIRT3 may also be largely attributed to its cofactor NAD+ which has been rightly addressed as a golden

nucleotide sitting on a crown of thorns.27 By virtue of its interplay with NADH, NAD+ crucially regulates myriad cellular processes including

fatty acid oxidation, energy metabolism, glycolysis, OXPHOS, and TCA cycle.28 NAD+ is also implicated in oxidative stress, immune activa-

tion, cell viability, regulation of DNA repair, cellular stress resistance, and apoptosis.27 Interestingly, these cellular processes are also regu-

lated by SIRT3 in diverse diseases including cancer.28 SIRT3 also regulates gene expression through deacetylation-dependent regulation of

transcriptional regulators like FOXO3 and LKB1. To this end, NSAIDs have been often observed to negatively regulate vital cellular processes

thereby compromising cell viability and triggering cell death by affectingmitochondrial integrity and cellular redox homeostasis. Recently in a

rodentmodel of gastropathy, indomethacin has been found to induce acute non-malignant gastricmucosal injury via inhibiting SIRT3.29 How-

ever, there are no studies, as of now, exploring the effect of NSAIDs on SIRT3 in GC. Therefore, we attempted for assessing a plausible direct

association of indomethacin and SIRT3 in inflicting GC cell death. Because indomethacin is a typical NSAID with reversible negligible COX

selectivity, we rationally used it in the present study to rule out COX1/COX2 bias. The mitotoxic effects of indomethacin on AGS cells were

confirmed at the outset wherein severe bioenergetic crisis, mitochondrial depolarization, hyperfission, and consequent activation of intrinsic

Figure 8. Downregulation of SIRT3 is associated with the anti-cancer property of popular NSAIDs including diclofenac, aspirin, and ibuprofen

(A) Immunoblot of SIRT3 in AGS cells treated with Indo (0.5 mM), Ibu (2.5 mM), Diclo (0.5 mM), and Asp (8 mM) for 24 h. ACTIN was used as the loading control;

representative blots below the bar graph.

(B) Cell viability measured by dehydrogenase activity (MTT reduction assay) in the control and NSAID-treated cells.

(C) Phase-contrast micrographs of AGS cells treated with indicated NSAIDs. At least 3 randomly selected fields were captured and representative micrographs

are presented. Data (A,B), are meanG SD ****p < 0.0001 versus ‘‘control’’ calculated by one-way ANOVA followed by Bonferroni’s post hoc test. The number of

independently repeated experiments is 3 in every case.
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pathway of apoptosis were distinctly observed. Loss of mitochondrial integrity by indomethacin rationally paved the way to check the effect of

this highly potent oncosuppressorNSAID onmitochondrial metabolic guardian, SIRT3. Notably,molecular simulation studies clearly revealed

direct SIRT3-indomethacin interaction with thermodynamically favorable binding score along with conceivable binding-site overlap with

NAD. This suggested that indomethacin plausibly exerts competitive inhibition of SIRT3 deacetylase activity. Subsequently, indomethacin

was found to actually compete with NAD for stably binding with SIRT3 with minimal conformational distortion. Further, in depth structural

analysis relied on molecular dynamics simulation followed by validation through ITC-based direct evaluation of SIRT3-indomethacin interac-

tion. ITC enables to directly measure bimolecular interactions, without the need of any label/s in a single experiment. Whenever a binding

event occurs, heat is either absorbed or released. This was measured by the sensitive micro-calorimeter during the gradual titration of indo-

methacin into the sample cell containing rhSIRT3. The amide carbonyl, indole, carboxylate, chlorobenzene, and methoxy moieties of indo-

methacin participate significantly during binding with SIRT3 wherein His248, Phe180, Phe294, Arg158, Glu177, Gly295, Phe157, Phe294, Ile

230, Thr320, Glu323, Ser 321, Arg345, and Val366 residues participate through different degrees of interactions in the form of hydrogen

bonds, pi-stacking, salt bridges, water bridges, cation-pi interactions, and hydrophobic contacts. Biophysical studies were further succeeded

by direct estimation of SIRT3 deacetylase activity to understand the impact of indomethacin-SIRT3 binding. Usage of recombinant protein as

well as direct mitochondrial extract enabled the confirmation of a direct inhibitory action of indomethacin (and not anymetabolic by-product)

on SIRT3 enzymatic activity. Together, it proved that indomethacin is a potential SIRT3 inhibitor which can be capitalized inNSAID-based anti-

cancer drug development against GC specifically targeting SIRT3.

Based on indomethacin-SIRT3 interaction and SIRT3 deacetylase inhibition data, we moved ahead to check whether indomethacin at all

exerts any effect on SIRT3 expression. To this end, we primarily undertook deep transcriptomic sequencing of treated AGS cells for unbiased

identification of any novel actionable sub-mitochondrial target. It is worth mentioning at this point that indomethacin is also used against

human malignancies besides treating pain/inflammation.30,31 AGS cells provided the ease for mechanistic exploration and functional valida-

tion of the direct cytotoxic effects of indomethacin on a pure gastric carcinoma cell line, while bypassing plausible interfering metabolic ef-

fect/s as expected in vivo. A relatively low (half-maximal inhibitory concentration [IC50]) dose of indomethacin used in this study enabled to

monitor the subtle subcellular events which might have been difficult to track at a higher toxic dose. Distinct separation of gene sets was

noticed in the transcriptome data from control and indomethacin-treated cells. Pathway analysis and network clustering indicated toward

concerted activation of gene expression programs pertaining to cell death, protein ubiquitination, reactive prooxidant metabolism, and over-

all downregulation of metabolic pathways concerning carbohydrate, amino acid, and fatty acid metabolism as well as mitochondrial central

dogma and specifically OXPHOS.

Of the various highlighted DEGs, SIRT3 was found to be significantly downregulated thereby providing support to our speculation of plau-

sible targeting of SIRT3 expression by NSAIDs in GC cells. Before delving into the intricate functional aspects of SIRT3 inhibition by indometh-

acin, we first compared basal SIRT3 expression between gastric normal and cancer cells to ascertain the prognostic relevance of SIRT3 in GC.

A significantly low basal SIRT3 level in Hs738 cells, compared to AGS cells, supported the tumorigenic action of this protein in the present

study as well as GC per se. In fact, this observation is also in concordance with the TCGA data which also indicate that both SIRT3 and

SOD2 are highly expressed in GC. Kaplan-Meier survival curves also indicate that SIRT3- and OGG1-high-expressing groups/patients

have a lower median OS. In addition, TCGA datasets also indicated that, although GC has a differential racial incidence, significantly high

SIRT3 expression is common to GCs from different races like Caucasian, African American, and Asian. Thus, SIRT3 appears as an important

mitochondrial target associated with poor prognosis in GC. Concerning the antioxidant defense of SIRT3, SOD2 and OGG1 implicated in

diverse pathologies including cancer are the predominant deacetylation targets of SIRT3.32 In this context, indomethacin was found to target

SIRT3 at multiple levels; blocking SIRT3 deacetylase activity, depleting SIRT3 gene and protein expressions, and increasing mitochondrial

protein acetylation and specific acetylation of OGG1 and SOD2. Regarding the differences in the extent of indomethacin-induced SIRT3

reduction and cell death in cancer versus normal cells, a much higher concentration of indomethacin is required to exert these detrimental

effects in the Hs738 normal cell line compared to AGS cells. Therefore, it appears that, although indomethacin-induced SIRT3 reduction is

toxic even to normal cells, the damaging effects are realized at a much lower concentration in the cancer cells thereby further justifying its

merit as a potent SIRT3-based anti-cancer compound worth of investment for SIRT3-based anti-neoplastic purposes. In regards to the mech-

anistic basis underlying SIRT3 reduction, indomethacin was found to downregulate SIRT3 transcriptional regulators ERRa and PGC1a to exert

a comprehensive suppressive effect on SIRT3 gene expression. Further indomethacin also blocked the AMPK-PGC1a-SIRT3 signaling axis.

Indomethacin treatment in AGS cells actually reduced total AMPK and phosphorylated AMPK levels concerted with ATP depletion and

SIRT3 as well as PGC1a downregulation. This is in congruence with the studies which suggest that SIRT3 indirectly regulates PGC1a expres-

sion (via FOXO3A deacetylation) and AMPK activation,33 and AMPK-PGC1a signaling stimulates SIRT3 expression along with preserving

mitochondrial structural and functional integrity.34 Further, it also justifies mitochondrial depletion triggered by indomethacin because

PGC1a is a potent regulator of mitochondrial biogenesis. Loss of SIRT3 upon indomethacin treatment is therefore associated with elevated

mitochondrial fission and clearance of damagedmitochondria with high superoxide burden. In fact, SIRT3 knockdown aggravated this effect.

This is in corroboration with previous reports where loss of SIRT3 has been associated with mtDNA damage in diseases.35 In this context, we

specifically found that intra-mitochondrial superoxide burden and 8-oxo-dG accumulation severely increased when indomethacin was

applied to SIRT3-silenced cells thereby proving the direct detrimental effect of acetylated SOD2 and OGG1 as immediate effect of SIRT3

depletion. All these effects are translated into loss of AGS cell viability wherein depleted SIRT3 accounted for severe mitochondrial depolar-

ization and consequent apoptosis. Further, indomethacin-induced depletion of ERRa and PGC1a also resulted in both SIRT3 downregulation

and depression of cell viability, thereby clarifying the basis of SIRT3 depression by indomethacin at the gene level. Here, SIRT3 reduction has
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been found to be a major factor contributing to indomethacin-induced cancer cell death. However, COXmodulation being one of the domi-

nant effects of NSAIDs in mediating their biological/cytotoxic actions, we also checked whether SIRT3 downregulation-dependent AGS cell

death involved COX pathway. Interestingly, no significant change in COX2 expression was found upon SIRT3 silencing. Moreover, it was also

found that COX2 silencing did not affect indomethacin-induced SIRT3 downregulation or aggravated cell death. Apparently, it turns out that

in the present model SIRT3 reduction and cancer cell death by indomethacin operate independent of COX modulation, although we cannot

absolutely rule out the possibility that the parallelly acting COXmodulation and SIRT3 reduction pathways triggered by indomethacin would

exert any synergistic anti-neoplastic effect in the systemic context.

In regards to cancer, although SIRT3 is known to favorOXPHOSover glycolysis,26 tumor-specific roles of SIRT3 cannot be ignored owing to

its elevated expression and glycolysis-enhancing effects which ensure cell proliferation.36 This implies a context-dependent oncogenic role of

SIRT3 even in glycolysis-dependent tumors that are less addicted to OXPHOS. In fact, cancer cells dynamically adapt to changing environ-

ments by switching between glycolysis and OXPHOS to meet energy requirements for ensuring maximal survival within compromised tumor

microenvironment.37–39 Ample evidence supports both tumor-suppressing and oncogenic role of SIRT3 in differentmalignancies.26 However,

we clearly observed that SIRT3 downregulation significantly aggravated indomethacin-induced AGS cell death. We also found that SIRT3

silencing moderately affected cell viability owing to its importance in cellular integrity under basal conditions.36 Similar to SIRT3 silencing,

ectopic SIRT3 overexpressionmight also prove risky for cancer cells owing to the fact that hyperactivated SIRT3would deacetylate CypD lead-

ing to its dissociation from VDAC complex. Released CypD in turn would impede hexokinase II (HK2) binding to VDAC, thereby causing its

dissociation from mitochondrial inner membrane. Mitochondrial membrane-bound HK2 exerts anti-neoplastic cytoprotective effect by

decreasing mitochondrial BAX accumulation.40 In fact, HK2 has been found to resist indomethacin-induced cytochrome c release and

caspase-3 activation.41 Further, SIRT3 overexpression might also affect the redox homeostasis in cancer cells by over-suppression of reactive

prooxidants level (owing to its multidimensional antioxidant effects), which could be also detrimental. Therefore, we rationally avoided SIRT3

overexpression as a validation approach in this study because optimum SIRT3 level is quintessential for maintaining cancer cell integrity and

extremely difficult to attain in ectopic overexpression system. Finally, it is imperative to consider the putative efficacy of indomethacin in

blocking SIRT3, in vivo, which is actually necessary for eliciting the anti-tumor effect. Contextually, while the present study comprehensively

emphasizes on the multidimensional mechanistic aspects of indomethacin-dependent blocking of SIRT3 signaling in the GC cells in vitro,

recently it has been reported that mitochondrial extracts isolated from indomethacin-treated injured rat gastric mucosa exhibit highly

reduced SIRT3 deacetylase activity along with significantly downregulated SIRT3 expression.29 Further, in vivo anti-tumor action of indometh-

acin has already been observed.5,42 In fact, indomethacin is also ventured in combinatorial anti-cancer strategies against humanmalignancies

in clinical trials (ClinicalTrials.gov ID NCT02935205). Therefore, indomethacin-induced SIRT3 downregulation, in vivo, in tumors may also be

logically expected. However, further in vivo studies to directly validate indomethacin-induced SIRT3 downregulation and inhibition specif-

ically in the gastric tumors are advocated. In specific regards to the importance of SIRT3 inhibition as a potent effect of NSAIDs compared

to their other anti-neoplastic actions, it is worth reiterating that, being the central regulator of mitochondrial metabolism, SIRT3 is crucial for

cellular integrity and indomethacin strikes at this very base of it thereby triggering cancer cell death. An optimum SIRT3 level is essential for

redox homeostasis and mitochondrial metabolic integrity of cancer cells. SIRT3 downregulation as well as direct inhibition of its deacetylase

activity by indomethacin severely impacts cancer cell viability thereby proving its immense relevance as a potent anti-neoplastic effect.

Thus, we conclude that SIRT3 is a novel target of indomethacin in GC cells whose downregulation actually underlies its COX-independent

anti-cancer effect. This knowledge holds immense translational relevance where SIRT3 silencing coupled with indomethacin treatment may

be exploited as an effective anti-neoplastic strategy against drug-resistant tumors with poor prognosis.

Limitations of the study

� The present study reports the effect of indomethacin on SIRT3 as validated exclusively in the AGS cells which is a human gastric adeno-

carcinoma cell line. Additional validation in other GC cell lines would further substantiate the effect in the context of GC per se.

� The present study comprehensively reports mechanistic aspects of indomethacin-dependent inhibition of SIRT3 signaling in the GC

cells. Further direct in vivo studies to validate indomethacin-induced SIRT3 downregulation and inhibition specifically in the gastric tu-

mors would confirm the efficacy of indomethacin in blocking SIRT3 in vivo.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

SIRT3 Cell Signaling Technology Cat# 2627; RRID: AB_2188622

OGG1 Novus Biologicals Cat# NB100-106; RRID: AB_10104097

PGC1a Abcam Cat# Ab54481; RRID: AB_881987

ERRa Cell Signaling Technology Cat# 13826; RRID: AB_2750873

Acetylated lysine Cell Signaling Technology Cat# 9814; RRID: AB_10544700

Acetylated OGG1 Abcam Cat# ab93670; RRID: AB_10562267

Acetylated SOD2 Abcam Cat# Ab137037; RRID: AB_2784527

Phospho-DRP1 (Ser637) Cell Signaling Technology Cat# 4867; RRID: AB_10622027

pAMPKa Abcam Cat# ab133448; RRID: AB_2923300

AMPK Abcam Cat# ab32047; RRID: AB_722764

Parkin Sigma-Aldrich Cat# P6248; RRID: AB_477384

PINK1 Novus Biologicals Cat# BC100-494; RRID: AB_10127658

TOM20 Santa Cruz Biotechnology Cat# sc-11415; RRID: AB_2207533

Cleaved Caspase 9 Cell Signaling Technology Cat# 9505; RRID: AB_2290727

Bax Santa Cruz Biotechnology Cat# sc-7480; RRID: AB_626729

Cytochrome C Abcam Cat# ab53056; RRID: AB_869315

Bcl-xL Cell Signaling Technology Cat# 2764; RRID: AB_2228008

Cleaved caspase 3 Cell Signaling Technology Cat# 9664; RRID: AB_2070042

Cleaved PARP Cell Signaling Technology Cat# 5625; RRID: AB_10699459

Anti-DNA/RNA Damage antibody [15A3] Abcam Cat# ab62623; RRID: AB_940049

Actin Cell Signaling Technology Cat# 3700; RRID: AB_2242334

OPA1 Abcam Cat# ab42364; RRID: AB_944549

MFN1 Abcam Cat# ab104585; RRID: AB_10712602

MFF Abcam Cat# ab81127; RRID: AB_1860496

DRP1 Abcam Cat# ab184247; RRID: AB_2895215

Phospho-DRP1 (Ser616) Cell Signaling Technology Cat# 4494; RRID: AB_11178659

COX2 Abcam Cat# ab15191; RRID: AB_2085144

b-catenin (H-102) Santa Cruz Biotechnology Cat# sc-7199; RRID: AB_634603

Rabbit anti-mouse IgG Sigma-Aldrich Cat# A9044; RRID: AB_258431

Goat anti-mouse IgG Sigma-Aldrich Cat# A0545; RRID: AB_257896

Goat anti-Mouse IgG (H+L) Cross-Adsorbed

Secondary Antibody, Alexa Fluor 647

Thermo Fisher Scientific Cat# A-21235; RRID: AB_2535804

Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed

Secondary Antibody, Alexa Fluor� 488

Thermo Fisher Scientific Cat# A-11034; RRID: AB_2576217

Chemicals, peptides, and recombinant proteins

Indomethacin Sigma-Aldrich Cat# I7378

Diclofenac Sigma-Aldrich Cat# D6899

Ibuprofen Sigma-Aldrich Cat# I1892

Aspirin Sigma-Aldrich Cat# A2093

RNase ZAP Sigma-Aldrich Cat# 83930

MTT Sigma-Aldrich Cat# CT01-5

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Nicotinamide Sigma-Aldrich Cat# 72340

Trichostatin A, Ready Made Solution Sigma-Aldrich Cat#T1952

DMSO Thermo Fisher Scientific Cat# 276855

TRIzol Thermo Fisher Scientific Cat# 276855

Nuclease-free water Thermo Fisher Scientific Cat# AM9937

PBS Thermo Fisher Scientific Cat# 10010031

Lipofectamine 2000 Thermo Fisher Scientific Cat# 11668019

Halt� Protease and Phosphatase Inhibitor Cocktail (100X) Thermo Fisher Scientific Cat# 78440

Western BLoT Stripping Buffer TaKaRa Cat#T7135A

JC-1 Dye Thermo Fisher Scientific Cat# T3168

MitoSOX� mitochondrial superoxide indicator Thermo Fisher Scientific Cat# M36008

MitoTracker� Red CMXRos Thermo Fisher Scientific Cat# M7512

Luminata forte western HRP substrate Millipore Cat# WBLUF0500

Nutrient Mixture F-12 Ham, Kaighn’s Modification HiMedia Laboratories Cat# AL106A

Dulbecco’s Modified Eagle Medium, High glucose HiMedia Laboratories Cat# AL066A

Opti-MEM� Reduced Serum Medium Gibco, Sigma-Aldrich Cat# 31985070

Recombinant Human Sirtuin 3 R&D system Cat# 7488-DA

Critical commercial assays

PureLink RNA Mini Kit Thermo Fisher Scientific Cat# 12183018A

RevertAid H Minus First Strand cDNA Synthesis kit Thermo Fisher Scientific Cat# 18091050

ATP Determination Kit Thermo Fisher Scientific Cat#A22066

Mitochondria Isolation Kit BioChain Cat# KC010100

HT 8-oxo-dG ELISA Kit II Trevigen Cat# 4380 KC010100

SIRT3 activity assay kit Abcam Cat# ab156067

Superoxide Dismutase Activity Assay Kit Abcam Cat# ab65354

Propidium Iodide Flow Cytometry Kit Abcam Cat# ab139418

Deposited data

RNA-seq raw and analyzed data This paper GEO: GSE202140

Experimental models: Cell lines

AGS ATCC Cat# CRL-1739

Hs 738.St/Int ATCC Cat# CRL-7869

Oligonucleotides

SIRT3 siRNA Santa Cruz Biotechnology Cat# sc-61555

PGC1a siRNA Santa Cruz Biotechnology Cat# sc-38884

ERRa siRNA Santa Cruz Biotechnology Cat# sc-44706

COX2 siRNA Santa Cruz Biotechnology Cat# sc-29279

Scrambled siRNA Santa Cruz Biotechnology Cat# Sc-37007

Primers for mt-ND1, mt-ND6, mt-CO1,

mt-ATP6, mt-CYT-B, SIRT3 and

GAPDH, see Table S4

Integrated DNA Technologies N/A

Software and algorithms

ImageJ software ImageJ RRID: SCR_003070

LAS X software LAS X RRID: SCR_013673

GraphPad Prism-8 GraphPad RRID: SCR_002798
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be sent to and fulfilled by the lead contact, Dr. Uday Bandyopadhyay (ubandyo_1964@

yahoo.com and udayb@jcbose.ac.in).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� The data presented in this study are available in the article and supplemental information. Processed and raw RNA-seq data generated

in this study are deposited in the Gene Expression Omnibus (GEO) with accession number GSE202140 available online at the GEO

repository.
� This paper does not report any original code.
� Any additional information necessary to reanalyze the data given in this paper can be obtained from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture and indomethacin treatment

AGS cells (human gastric carcinoma cells, ATCC-CRL-1739) and Hs738.St/Int (human normal cell line of gastrointestinal origin, ATCC-CRL-

7869) were procured from American Type Culture Collection (Manassas, USA). Cells were cultured as described earlier.43,44 Briefly, AGS cells

were maintained in F-12 Ham-Kaighn’s modification medium whereas Hs738 cells were maintained in Dulbecco’s Modified Eagle’s Medium.

The respective culture media were supplemented with 10% fetal bovine serum. The cells were kept at 37�C in 5% CO2 incubator. Trypsiniza-

tion was employed for splitting the cells once every 3 days. For experiments, cells were plated at a density of 1X106 and allowed to grow over-

night after which fresh media was replenished for treatment. Cells were treated with increasing concentrations of NSAIDs to check the effect

on cell viability by dehydrogenase activity assay. A sublethal dose of 0.5 mM (obtained from viability assay) for indomethacin has been used to

treat cells for transcriptome analysis and protein expression profiling to capture the subtle effects on cellular metabolism. Indomethacin was

dissolved in alkaline distilled water. Ibuprofen and diclofenac were dissolved in distilled water. Aspirin was dissolved in DMSO. The final con-

centration of DMSOwas maintained at 0.1% during treatment of cells. Diclofenac (0.5 mM), ibuprofen (2.5 mM) and aspirin (8 mM) were used

to treat cells for SIRT3 expression profiling and cell viability assays. In every case the experiments were repeated thrice.

METHOD DETAILS

Cell viability assay and phase contrast microscopy for detecting cytoarchitecture

Cellular dehydrogenase activity was measured for the evaluation of cell viability, based on 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyl tetrazo-

lium bromide (MTT) reduction assay as mentioned earlier.44 In brief, 48 well culture plates were plated with cells were plated at equal density

and allowed to grow till 60-70% confluency, followed by indomethacin treatment. After completion of the treatment, MTT (1 mg/mL) in PBS

added to the cells for an incubation period of 3.5 hr under 37�C/5% CO2 and finally the purple formazan was solubilized in anhydrous DMSO.

The optical density was spectrophotometrically measured at 570 nm. For live cell phase contrast imaging, cells after treatment were washed

with pre-warmed PBS and viewed under inverted phase contrast microscope (Leica Microsystems). At least 5 independent fields were

randomly captured and representative images have been provided. All experiments were repeated thrice.

Analysis of mitochondrial transmembrane potential (DJm)

For DJm analysis in AGS cells, 3x106 cells were used for JC-1 staining followed by flow cytometry as mentioned earlier.45 In brief, after

indomethacin treatment, the cells were washed in pre-warmed media (37�C) and incubated with JC-1 (5 mg/mL) diluted in cell culture media,

for 15 min at 37�C/5% CO2 in darkness. After the incubation, the cells were detached by trypsinization and diluted in PBS to a density of

106 cells/mL and analysed in FACS-LSR Fortessa, BD, using FACS DIVA software under standard parameters. 104 cells were evaluated per

set and experiments were repeated thrice.

Measurement of ATP content

ATP content from AGS cells was measured using an ATP determination kit (Invitrogen Corp., Carlsbad, CA, USA) as mentioned earlier

following the manufacturer’s instructions.45 In short, an equal number of cells (107 cells per experimental set) were lysed in chilled cell lysis

buffer (supplemented with Triton X-100). The lysates were centrifuged and the clear supernatants were used. ATP content was measured

in a luminometer (BioTek). The ATP content of each sample was normalized by their respective protein concentration. In every case the ex-

periments were repeated thrice.
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Immunoblot analysis

For immunoblot analysis, total protein was isolated from AGS cells by using pre-chilled mammalian cell lysis buffer (supplemented with pro-

tease and phosphatase inhibitors, Halt� Protease and Phosphatase Inhibitor Cocktail (100X), Thermo). Mitochondria were isolated from AGS

cells using a commercially available kit from Biochain. For the study of mitochondrial protein acetylation, isolated mitochondria were lysed in

the cell lysis buffer supplemented with nicotinamide (50 mM) and trichostatin A (10 mM). Quantification of protein was performed by Lowry’s

method and equal quantity of proteins weremixed in SDS loading buffer and resolved in 10%polyacrylamide-SDS gels. The resolved proteins

were then transferred to a nitrocellulosemembrane (0.22 mM) by electroblotting. 5% skimmedmilk or 5% BSA solution were used to block the

membrane and followed by incubation in primary antibodies (key resources table, STAR Methods) overnight. The blots were washed in TBS

solution supplemented with 0.1% Tween 20 and subsequently incubated in HRP-conjmgated secondary antibody for 2 hr at room tempera-

ture. The blots were finally washed and immuno-reactive bands were developed in Bio-Rad Chemidoc system. Each blot was stripped with

stripping buffer (Cat#T7135A, TAKARA) and re-probed for checking ACTIN and TOM20 used as the loading controls for total protein and

mitochondrial protein respectively. Densitometric analyses were done using ImageJ software and data were represented as fold change rela-

tive to control. In every case the experiments were repeated thrice.

Cell cycle analysis

Flow cytometric technique was used to analyse the cell cycle as per standard procedure.44 Propidium Iodide FlowCytometry Kit (Abcam, Cat#

ab139418) was used for this assay. Briefly, AGS cells were grown in 6 well plate and after the treatment was over cells were harvested and fixed

in chilled ethanol (70% v/v) with gentle vortexing and the cells were kept overnight at 4�C. Next day the fixed cells were washed in PBS and

stained using Propidium Iodide Flow Cytometry Kit (Abcam, Cat# ab139418) suggested in the manufacturer’s protocol followed by flowcyto-

metric screening. The analysis was done in BD LSR Fortessa using BD FACS Diva 6.2 software. 104 cells were evaluated per set and experi-

ments were repeated thrice.

Molecular simulation to explore SIRT3-indomethacin interaction

Chemical structure of indomethacin has been obtained from PubChem (PubChem CID: 3715). 31 crystal structures (retrieved 1 Sept 2022) of

Sirtuin 3 (UniProtKB: SIR3_HUMAN) were obtained from the protein data bank (PDB) or the PDB-REDO repositories.12 Based on the model

qualities (according to the wwPDB validation report available at PDBwebsite), 22 crystal structures with good geometries and electron density

map fitting were selected for docking studies (Table S1). Molecular docking simulation was performed with AutoDock Vina.46 Any bound li-

gands and crystallographic water molecules were removed from the protein crystal structures. Any missing side chains of the protein were

filled using PDB_Hydro.47 Alternate atom positions were removed. Polar hydrogens were added using AutoDockTools.48 AutoDock4

atom typeswere assigned. Ligand structures were prepared similarly. All the rotatable bonds in the ligandswere set free. Binding dissociation

constant, KD, was calculated from binding free energies using the equation DG = -RT ln Keq where Keq = 1/KD.

Molecular dynamics (MD) was run under OPLS (optimized potentials for liquid simulations) force field in SPC (simple point-charge) water

environment using Desmond molecular dynamics software implemented in Schrodinger Maestro (Academic release 2020-4).49 MD simula-

tions were performed on the free, NAD+-bound and indomethacin-bound SIRT3 under defined temperature and pressure for a certain length

of time (300 K, 1 bar and 240 ns, respectively, in this study). In MD simulation, the atomic model of protein or the protein ligand complex is

placed in an explicit water environment and the whole system is incubated at a defined temperature and pressure for a certain length of time.

Temperature givesmotions to the atoms and themolecules canmove freely in water as per Brownianmotions. Thus, it considers the effects of

solvents and receptor flexibility on the ligand interactions. Any structural changes in the protein induced by the ligand binding can also be

observed. Low energy and higher frequency bound conformations were chosen for the MD simulation. Structural changes in terms of root

mean square deviations (RMSD), residue-wise fluctuations in terms of root mean square fluctuations (RMSF), secondary structural properties,

time correlated interactions, and interaction energies were obtained from the simulation trajectories using Schrodinger Maestro (Academic

Release 2020-4).

Isothermal calorimetry for SIRT3-indomethacin interaction

To identify the binding response of recombinant human SIRT3 (rhSIRT3) with indomethacin, isothermal calorimetry (ITC) and titration exper-

iments were conducted using an Affinity-ITC (TA Instruments). Standard procedure, as mentioned earlier, was followed50 with minor modi-

fications as required. The experiments were performed at 25�C, and all samples were thoroughly vacuum-degassed before loading. The pro-

tein (rhSIRT3) and indomethacin were present in the same buffer of 25 mM Tris-HCl and 50 mM NaCl of pH 7.5. In the sample cell, 0.1 mM

indomethacin solution was loaded, and the syringe was filled with 1.0 mM of rhSIRT3 solution. Indomethacin solution was injected in volumes

of 5 mL up to 25 injections with a stirring RPM of 75. This experiment allowed us to plot the heat rate (mJ/sec) with respect to time (sec).

Determination of SIRT3 deacetylase activity

SIRT3 fluorometric activity assay kit (Abcam, ab156067) was used to measure deacetylase activity of SIRT3 in absence/presence of indometh-

acin. The experiment was performed as per manufactures protocol. Briefly, in presence of increasing concentrations of indomethacin

(0.1-0.5 mM) the activity of purified recombinant human SIRT3 (rhSIRT3) was assessed taking the kinetic measurement at 2 min intervals till

45 min in BioTek Synergy H1 Hybrid Multi-Mode Reader with excitation at 350 nm and emission at 450 nm. For measuring mitochondrial
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SIRT3 activity within cells, mitochondrial extract was incubatedwith 0.5mM indomethacin and then fluorescencewasmeasured. Each reaction

was performed in duplicates as mentioned in the kit and the experiment was repeated thrice.

SIRT3 expression analysis in human samples

SIRT3 expression in stomach adenocarcinoma (STAD) patient and normal individual stomach samples were evaluated using UALCAN, HPA

and KMplotter database analysis tools asmentioned previously.51 UALCAN (http://ualcan.path.uab.edu/) analysis was undertaken for mining

SIRT3 expression data across TCGA normal and STAD primary tumors. Data were represented as transcripts per million. Differential SIRT3

expression was evaluated from multiple dimensions, viz. sample types (normal, n = 34 and primary tumor, n = 415), individual cancer stages

(stage 1, n = 18; stage 2, n = 123; stage 3, n = 169 and stage 4, n = 41), histological subtypes (AdenocarcinomaNOS, n = 155; Adenocarcinoma

Diffuse, n=69; Adenocarcinoma SignetRing, n = 12; Intestinal Adenocarcinoma NOS, n = 73; Intestinal Adenocarcinoma Tubular, n = 76; In-

testinal Adenocarcinoma Mucinous, n = 20 and Intestinal Adenocarcinoma Papillary, n = 7) and patient’s race (Caucasian, n = 260;

AfricanAmerican, n = 12 and Asian, n = 87). Statistical significance has been mentioned as inset in the respective boxplot data.

In situ SIRT3 protein expression between healthy stomach tissue and STAD tumor samples was evaluated in Human Protein Atlas (https://

www.Proteinatlas.org/). SIRT3 expression was checked in the tissue and pathologymodules of HPA by selecting stomach as the target organ.

Representative images of a normal stomach section (patient id: 1650) and an intestinal type stomach cancer section (patient id: 2378) has been

shown. Immunohistochemistry in these two sections were done using the antibody CAB037142. Glandular cells in the normal stomach and

tumor cells in the STAD sections displayed medium and high staining respectively.

Prognostic relevance of SIRT3 in regards to GC survival was calculated using Kaplan-Meier Plotter Database Analysis (http://kmplot.com/

analysis/).52 KM plotter for Gastric Cancer module was used to calculate overall survival (OS) probability associated with low and high SIRT3

expressions. Hazard ratio (HR) for 95% confidence interval and p< 0.05 have been considered statistically significant. The Affy id/Gene symbol

for SIRT3 was 221913_at and the analysis was run on 875 patient samples data. Median survival values for low and high SIRT3 expression co-

horts were shown in the survival plot in the figure as inset. For OS analysis of OGG1 low and high expression cohorts using, Kaplan-Meier

Plotter, same parameters were followed with the OGG1 Affy ID/Gene symbol being 205760_s_at.

Next-generation sequencing based transcriptomics

Total RNA sequencing library preparation using TruSeq Stranded Total RNA Library preparation kit from Illumina. Briefly, total RNA was

isolated from AGS cells using PureLink RNA Mini Kit (Thermo) following the manufacturer’s guidelines. 107 cells per sample were used as

the starting material. The quality and concentration of the isolated RNA samples were checked in Nanodrop 2000 (Thermo) and Agilent

2100 Bioanalyzer. Samples with RIN R 7.0 were subsequently used for library preparation. An equal amount (200 ng) of RNA from each

sample was first subjected to ribosomal RNA depletion using the Ribo-Zero Human/Mouse/Rat depletion module of the kit followed by

purification and divalent cation-based fragmentation. The resulting fragments were purified and subjected to cDNA synthesis, A-tailing

and dual index adapter ligation. The products were subsequently purified and PCR enriched. The resulting RNA libraries were checked

in Agilent 2200 TapeStation (Agilent Technologies), quantified, normalized and subjected to equimolar pooling. The pooled libraries

were finally loaded on a sequencing run flow cell (Illumina) and subjected to 100 bp paired-end massively parallel sequencing in Novaseq

6000 sequencer (Illumina). Resulting Bcl files were converted to Fastq files and the data were subjected to a quality check using FastQC

v.0.11.7.53 This was followed by adapter trimming with Cutadapt v1.1654 using Illumina Universal Adapter. Hisat2 2.1.0.55 was used to align

the trimmed reads with Rat Rno6 reference genome (for rat samples) and Homo sapiens (human) genome assembly GRCh38 (hg38 for AGS

cells). Sorting of Bam files was performed with Samtools v1.1956 Next, gene count was performed with Feature Counts57 followed by

differential analysis using DESeq2.58 Differentially expressed genes with R or % 1.5-fold expression change and p value % 0.05 and

FDR % 0.05 were filtered. Finally, gene enrichment and pathway analysis were performed with IPA (Ingenuity Pathway Analysis) software.

For rat gastric mucosal samples data were also filtered with R or % 1.2-fold expression change and p value and FDR cut off of % 0.05 to

include genes regulating mitochondrial metabolism and functions. Sequencing was performed in triplicate. The GEO accession number for

transcriptomic data is GSE202140.

RNA isolation and real-time RT-PCR

TRIzol (Invitrogen, Carlsbad, CA) was used to isolate total RNA from AGS cells following the manufacturer’s instructions. Isolated RNA was

then and estimated using Maestrogen nano Spectrophotometer (Life Teb Gen co, Tehran-Iran). Obtained total RNA (2 mg) was reverse tran-

scribedwith oligo-dT18 primer using RevertAid HMinus first strand cDNA synthesis kit (Thermo) followed by rDNAse treatment. The resultant

cDNAs were used for qPCR after proper dilution by using Primers (Table S4) obtained from Integrated DNA Technologies Inc. (San Diego,

California, USA). Roche LightCycler 96 qPCR system was used for performing the qPCR by using SYBR green master mix (Roche) in following

the as mentioned cycle conditions: initial denaturation temperature at 95�C/10 min followed by 40 cycles of denaturation at 95�C/15 sec, an-
nealing (at indicated annealing temperatures, Table S4) for 30 sec and extension at 72�C/25 sec. Relative gene expression was calculated

using 2-DDCq method and the data represented as a fold relative to control. GAPDH was used as the internal control. In every case the exper-

iments were repeated thrice.
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Isolation of mitochondria

Mitochondria were using BioChain’s mitochondria isolation kit following the manufacturer’s procedures. In short, an equal amount of AGS

cells (2x108) from separate experimental sets were taken for mitochondria isolation. Gentle homogenization for each sample was performed

in Dounce homogenizer on ice. Next the samples were centrifuged at 600 g for 10 min to remove the nuclei and cell debris. The supernatant

was collected and again centrifuged at 12,000 g for 15 min to get the mitochondrial fraction. The mitochondrial pellets were washed thrice in

mitochondria isolation buffer and resultant pellets (approximately 99% pure) were used for either respiratory chain complex and dehydroge-

nase assays or lysed for immunoblotting as required. In every case the experiments were repeated thrice.

Isolation of mitochondrial DNA and measurement of 8-oxo-dG by ELISA

DNA from the isolated mitochondrial pellets from AGS cells were extracted by the phenol-chloroform method. In short, the mitochondrial

pellet was resuspended in 100 mL of Proteinase K-supplemented lysis buffer and incubated at 50�C for 3 hrs following which 200 mL of

phenol-chloroform was added andmixed thoroughly. The contents were centrifuged at 10,000 g to separate the phases. The aqueous phase

was collected and 200 mL of 7.5 M ammonium acetate and 500 mL of ethanol were added. The tubes were kept at -20�C for 2 hrs. The samples

were next centrifuged at 10,000 g for 30mins. The pellets were washed with 500 mL of 70% ethanol and finally, the DNA pellets were dissolved

in 30 mL of TB buffer. The mtDNA was spectrophotometrically estimated. An equal amount of mtDNA from each experimental set was then

taken for 8-oxo-dG measurement using ELISA using a commercially available HT 8-oxo-dG ELISA Kit II from Trevigen. In every case the ex-

periments were repeated thrice.

Superoxide dismutase-2 (SOD2) activity assay

Commercially available superoxide dismutase (SOD) activity assay kit ab65354 (Abcam) was used to measure the mitochondrial superoxide

dismutase (SOD) activity. Briefly, mitochondria were isolated from control and indomethacin-treated cells. The mitochondrial pellets were

then lysed in ice cold 0.1M Tris/HCl, pH 7.4 containing 0.5% Triton X-100, 5mM b-ME, 0.1 mg/ml PMSF and the superoxide dismutase

(SOD) activity from the mitochondrial fraction was measured following the manufacturer’s protocol. The data is presented as ratio to

100% which is the SOD activity of control mitochondrial fraction. The relative SOD activity was normalized by estimating the protein amount

in their respective mitochondrial fraction. In every case the experiments were repeated thrice.

Small interfering RNA (siRNA) transfection

siRNA-based reverse transfection was undertaken for silencing the expressions of SIRT3, ERRa, PGC1a, COX1 and COX2 following standard

protocol for transfection.44 Briefly, lyophilized siRNA duplexes were reconstituted in the nuclease-free resuspension buffer (10 mM Tris-HCl,

20 mM NaCl, 1 mM EDTA, pH 8.0) to a final concentration of 10 mM. Cells at a confluency of 50-60% were exposed to respective siRNAs or

scrambled siRNA (control siRNA). 75 pmol of siRNA and Lipofectamine RNAiMAX (Thermo) were independently diluted in OptiMEM, tap-

mixed, combined and finally added to the OptiMEM pre-acclimatized cells. Transfections with scrambled siRNAs (control siRNA) were per-

formed each time. The cells were maintained in the transfection medium for 16-18 hr following which the media was replaced with complete

growth media. The transfected cells were treated with 0.5 mM indomethacin for 24 hr. In every case the experiments were repeated thrice.

Confocal microscopy for mitochondrial structure analysis and immunocytochemistry

For live-cell confocal imaging to evaluate themitochondrial structure, cells (after treatment) were washedwith pre-warmedmedia and stained

withMitoTracker Red CMXROS (100 nM) for 20minutes. Nuclei were stained with Hoechst 33342. After staining, the cells were washed in pre-

warmedmedia and observed under 63X oil immersion lens of the Leica TCS-SP8 confocalmicroscope (LeicaMicrosystems,Wetzlar, Germany)

provided with a thermo-regulated stage in 5% CO2 environment. Laser intensity was maintained below 2% to avoid laser-induced toxicity to

the cells. Next the immunofluorescence staining of 8-oxo-dGwas performed by following the protocol mentioned previously.45 In brief, indo-

methacin treated AGS cells (on glass coverslips) were fixed (2% paraformaldehyde), permeabilized in 0.15% Triton X-100, and blocked in 2%

BSA solution in PBS.44 Primary antibodies against TOM20 (for detecting mitochondria, 1:250) and 8-oxo-dG (anti DNA/RNA damage anti-

body, 1:250) were diluted in the blocking solution and incubated overnight. The next day the cells were washed and incubatedwith secondary

antibodies against TOM20 (Alexa fluor 647-conjmgated anti-rabbit IgG, 1:1000) and 8-oxo-dG (Alexa fluor 488-conjmgated anti-mouse IgG,

1:500). The coverslips were washed andmounted on glass slides for visualizing under 63X oil immersion lens. Digital zooming was performed

as required and at least 100 cells were screened per experimental set. At least 5 independent fields were randomly captured and represen-

tative images have been provided. The images are representatives of independently replicated experiments. In every case the experiments

were repeated thrice.

Measurement of mitochondrial superoxide

MitoSox staining was performed to measure the accumulation of mitochondrial reactive pro-oxidants in AGS cells. After treatment, the cells

were washedwith pre-warmed PBS and dissociated. Next, the cells were stained withMitoSox following themanufacturer’s instructions. Cells

were washed thrice with pre-warmed PBS and analyzed in FACS LSR Fortessa, BD. Data were analyzed in FACSDIVA software under standard

parameters. 104 cells were evaluated per set and experiments were repeated thrice.
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FITC-annexin V staining for cell death determination

Apoptosis in theAGS cells was determinedby annexin V/propidium iodide (PI) dual staining as described elsewhere.44 Briefly, after treatment,

the cells were dissociated. The cells were subsequently taken in annexin V binding buffer (Abcam) and stained with FITC-annexin V and PI

(propidium iodide) following the manufacturer’s protocol. Cells were subsequently analysed in FACS LSR Fortessa, BD. Data were analyzed

in FACS DIVA software under standard parameters. 104 cells were evaluated per set and experiments were repeated thrice.

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were repeated at least thrice. Data acquired from experiments were represented as mean G standard deviation. When

comparing two experimental groups, unpaired t-test (with Welch correction) was done to calculate the level of significance while one-way

ANOVA followed by Bonferroni’s Multiple-Comparison test was done for comparing more than two groups. For statistical significance a P

value less than 0.05 (P<0.05) was considered. Statistical analysis of data was done using GraphPad Prism 8 and Microsoft Office Excel

2019 software.
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Indomethacin impairs mitochondrial dynamics by activating
the PKC�–p38 –DRP1 pathway and inducing apoptosis in
gastric cancer and normal mucosal cells
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The subcellular mechanism by which nonsteroidal anti-in-
flammatory drugs (NSAIDs) induce apoptosis in gastric cancer
and normal mucosal cells is elusive because of the diverse
cyclooxygenase-independent effects of these drugs. Using
human gastric carcinoma cells (AGSs) and a rat gastric injury
model, here we report that the NSAID indomethacin activates
the protein kinase C� (PKC�)–p38 MAPK (p38)–dynamin-re-
lated protein 1 (DRP1) pathway and thereby disrupts the physi-
ological balance ofmitochondrial dynamics by promotingmito-
chondrial hyper-fission and dysfunction leading to apoptosis.
Notably, DRP1 knockdown or SB203580-induced p38 inhibi-
tion reduced indomethacin-induced damage to AGSs. Indo-
methacin impaired mitochondrial dynamics by promoting fis-
sogenic activation and mitochondrial recruitment of DRP1 and
down-regulating fusogenic optic atrophy 1 (OPA1) and mito-
fusins in rat gastric mucosa. Consistent withOPA1maintaining
cristae architecture, its down-regulation resulted in EM-detect-
able cristae deformity. Deregulated mitochondrial dynamics
resulting in defective mitochondria were evident from en-
hanced Parkin expression and mitochondrial proteome ubiq-
uitination. Indomethacin ultimately induced mitochondrial
metabolic and bioenergetic crises in the rat stomach, indicated
by compromised fatty acid oxidation, reduced complex I–
associated electron transport chain activity, and ATP depletion.
Interestingly, Mdivi-1, a fission-preventing mito-protective drug,
reversed indomethacin-induced DRP1 phosphorylation on Ser-
616, mitochondrial proteome ubiquitination, and mitochondrial
metabolic crisis. Mdivi-1 also prevented indomethacin-induced
mitochondrialmacromoleculardamage, caspaseactivation,muco-
sal inflammation, and gastric mucosal injury. Our results identify

mitochondrial hyper-fission as a critical and common subcellular
event triggered by indomethacin that promotes apoptosis in both
gastric cancer and normal mucosal cells, thereby contributing to
mucosal injury.

Nonsteroidal anti-inflammatory drugs (NSAIDs)3 are the
most effectivemedicines for treating pain and inflammation (1,
2). In addition to their anti-nociceptive action, NSAIDs are also
gaining significant importance because of their anti-neoplastic
effects against a wide spectrum of cancers. In fact, prolonged
NSAID users are at lower risk of developing cancers (3, 4), and
these noncanonical anti-cancer drugs are now included in a
combination–chemotherapy regimen as they potentiate chem-
otherapy and radiotherapy (5). Although prostaglandin de-
pletion due to cyclooxygenase (COX) inhibition is primarily
responsible for both anti-inflammatory as well as cytotoxic
anti-cancer action of NSAIDs (6), COX-independent targets,
including cGMP phosphodiesterase, peroxisome proliferator-
activated receptors, retinoid X receptor, IKK�, AMP kinase,
and other targets of these drugs as well as their metabolites (7),
help to trigger cell death by apoptosis while blocking prolifera-
tion. Hence, NSAIDs are gaining immense importance and
have been under exploration in various diseases, including can-
cer (7–10). Despite their multidimensional health benefits, the
toxic actions of NSAIDs are observed against various normal
cells of the body that compromise metabolic homeostasis and
tissue integrity (6, 11, 12). Of the several organs affected by
long-term NSAID usage (13–16), the gastrointestinal system
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A B S T R A C T   

Gastroduodenal inflammation and ulcerative injuries are increasing due to expanding socio-economic stress, 
unhealthy food habits-lifestyle, smoking, alcoholism and usage of medicines like non-steroidal anti-inflammatory 
drugs. In fact, gastrointestinal (GI) complications, associated with the prevailing COVID-19 pandemic, further, 
poses a challenge to global healthcare towards safeguarding the GI tract. Emerging evidences have discretely 
identified mitochondrial dysfunctions as common etiological denominators in diseases. However, it is worth 
realizing that mitochondrial dysfunctions are not just consequences of diseases. Rather, damaged mitochondria 
severely aggravate the pathogenesis thereby qualifying as perpetrable factors worth of prophylactic and thera
peutic targeting. Oxidative and nitrosative stress due to endogenous and exogenous stimuli triggers mitochon
drial injury causing production of mitochondrial damage associated molecular patterns (mtDAMPs), which, in a 
feed-forward loop, inflicts inflammatory tissue damage. Mitochondrial structural dynamics and mitophagy are 
crucial quality control parameters determining the extent of mitopathology and disease outcomes. Interestingly, 
apart from endogenous factors, mitochondria also crosstalk and in turn get detrimentally affected by gut path
obionts colonized during luminal dysbiosis. Although mitopathology is documented in various pre-clinical/ 
clinical studies, a comprehensive account appreciating the mitochondrial basis of GI mucosal pathogenesis is 
largely lacking. Here we critically discuss the molecular events impinging on mitochondria along with the 
interplay of mitochondria-derived factors in fueling mucosal damage. We specifically emphasize on the potential 
role of aberrant mitochondrial dynamics, anomalous mitophagy, mitochondrial lipoxidation and ferroptosis as 
emerging regulators of GI mucosal pathogenesis. We finally discuss about the prospect of mitochondrial targeting 
for next-generation drug discovery against GI disorders.   

1. Introduction 

Gastrointestinal (GI) disorders are escalating worldwide owing to 
multiple factors including stress, trauma, excess cigarette smoking, 
alcohol abuse, increasing inclination towards painkiller (non-steroidal 
anti-inflammatory drugs, NSAIDs) usage, Helicobacter pylori infection 
and of course increasing influence of gluten-enriched diet (which 
significantly alters the normal gut microbiota composition to instate a 
chronic basal inflammation) [1,2]. Mucosal inflammation, a central 

denominator in major GI pathologies, is a multifactorial phenomenon 
where mitochondrial structural and functional aberrance critically 
compromises the tissue integrity besides triggering a maladaptive 
immunological regulation of the pathogenesis [3–5]. Owing to the high 
energy requirement for maintaining intestinal barrier functions as well 
as cellular turnover, to replenish the constantly denuding GI mucosal 
surface, mitochondrial health is quintessential for maintaining GI 
integrity. Mitopathology is therefore likely to fuel the occurrence and/or 
recurrence of GI disorders. Clinical manifestations of mitochondrial 
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ABSTRACT: The rapid emergence of resistance against frontline antimalarial
drugs essentially warrants the identification of new-generation antimalarials.
Here, we describe the synthesis of (E)-2-isopropyl-5-methyl-4-((2-(pyridin-4-
yl)hydrazono)methyl)phenol (18), which binds ferriprotoporphyrin-IX (FeIII-
PPIX) (Kd = 33 nM) and offers antimalarial activity against chloroquine-
resistant and sensitive strains of Plasmodium falciparum in vitro. Structure−
function analysis reveals that compound 18 binds FeIII-PPIX through the
−CN−NH− moiety and 2-pyridyl substitution at the hydrazine counterpart
plays a critical role in antimalarial efficacy. Live cell confocal imaging using a
fluorophore-tagged compound confirms its accumulation inside the acidic
food vacuole (FV) of P. falciparum. Furthermore, this compound
concentration-dependently elevates the pH in FV, implicating a plausible
interference with FeIII-PPIX crystallization (hemozoin formation) by a dual
function: increasing the pH and binding free FeIII-PPIX. Different off-target
bioassays reduce the possibility of the promiscuous nature of compound 18. Compound 18 also exhibits potent in vivo
antimalarial activity against chloroquine-resistant P. yoelii and P. berghei ANKA (causing cerebral malaria) in mice with
negligible toxicity.

KEYWORDS: Plasmodium, malaria, hemozoin, food vacuole, parasite metabolism

The adverse effect of malaria across the globe demands
serious attention due to the increasing number of reports

of multi-drug-resistant (MDR) strains posing a severe threat to
human life and productivity.1,2 Reports of 216 million cases
with 445 000 deaths in 2016 repeatedly accentuate the
desideratum of new antimalarial chemotherapeutics against
MDR strains.3 Moreover, the emergence of drug resistance
against artemisinin partner drugs such as piperaquine and
mefloquine has resulted in a significant failure of artemisinin
combination therapy (ACT) on the Thai−Cambodian border,
where chloroquine (CQ) resistance was developed almost 50
years ago.4 The spread of resistance therefore needs to be dealt
with in the identification of new antimalarial chemotypes that
are efficacious against MDR malaria in the most unfortified
regions.1,5

Intraerythrocytic stages of P. falciparum are responsible for
its clinical symptoms, and during these stages, the parasite
digests hemoglobin in the acidic food vacuole (FV) and
thereby releases heme (FeIII-PPIX), a nonprotein constituent
of hemoglobin as a byproduct.6,7 This free FeIII-PPIX, a well-
known pro-oxidant, may cause severe oxidative damage to the
lipid bilayers of the parasitic cell membrane, leading to

membrane lesion.8−10 In order to evade the detrimental
consequences of free FeIII-PPIX accumulation, Plasmodium
crystallizes it into nontoxic inert hemozoin (Hz).11,12 It was
found that the development of CQ resistance in parasites was
mainly due to multiple mutations in the P. falciparum CQ
resistance transporter (PfCRT) that results in structure-
specific efflux of the drug from FV.13 Despite this resistance,
the Hz crystallization pathway within the parasite is still
essential, and thus it may be used as a sustainable drug target.14

Thus, scaffolds which bind to free FeIII-PPIX and inhibit Hz
crystallization can be detrimental to parasites due to free FeIII-
PPIX accumulation within the FV and have merit as potent
antimalarials.
In the search for new antimalarial chemotypes, we focused

our study on FeIII-PPIX binding moieties that are capable of
interacting with high affinity. A novel class of chiral
gallium(III) complexes of amine-phenol ligand and schiff-
base phenol ligand were reported to possess decent efficacy
against CQ-sensitive and -resistant strains.15 These cationic
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Macrophage migration inhibitory factor regulates
mitochondrial dynamics and cell growth of human cancer cell
lines through CD74 –NF-�B signaling
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The indispensable role of macrophage migration inhibitory
factor (MIF) in cancer cell proliferation is unambiguous, although
which specific roles the cytokine plays to block apoptosis by
preserving cell growth is still obscure.Usingdifferent cancer cell
lines (AGS,HepG2,HCT116, andHeLa), herewe report that the
silencing of MIF severely deregulated mitochondrial structural
dynamics by shifting the balance toward excess fission, besides
inducing apoptosis with increasing sub-G0 cells. Furthermore,
enhanced mitochondrial Bax translocation along with cyto-
chrome c release, down-regulationofBcl-xL, andBcl-2 aswell as
up-regulation of Bad, Bax, and p53 indicated the activation of a
mitochondrial pathway of apoptosis upon MIF silencing. The
data also indicate a concerted down-regulation of Opa1 and
Mfn1 along with a significant elevation of Drp1, cumulatively
causing mitochondrial fragmentation upon MIF silencing. Up-
regulation of Drp1 was found to be further coupled with fisso-
genic serine 616 phosphorylation and serine 637 dephosphory-
lation, thus ensuring enhanced mitochondrial translocation.
Interestingly, MIF silencing was found to be associated with
decreased NF-�B activation. In fact, NF-�B knockdown in turn
increased mitochondrial fission and cell death. In addition, the
silencing of CD74, the cognate receptor of MIF, remarkably
increased mitochondrial fragmentation in addition to prevent-
ing cell proliferation, inducing mitochondrial depolarization,
and increasing apoptotic cell death. This indicates the active
operation of a MIF-regulated CD74–NF-�B signaling axis for
maintaining mitochondrial stability and cell growth. Thus, we
propose thatMIF, throughCD74,constitutivelyactivatesNF-�Bto
controlmitochondrial dynamics and stability for promoting carci-
nogenesis via averting apoptosis.

Macrophage migration inhibitory factor (MIF)3 is a pluripo-
tent inflammatorymarker, which is widely known for its proin-
flammatory role in generating immune response by activating
macrophages and T cells (1). MIF has been shown to promote
tumorigenesis in many models of colorectal adenomas, intesti-
nal tumors, ovarian cancer, and hepatocellular carcinoma (2, 3).
MIF is high in both serum and epithelial cells of gastric cancer
patients (4, 5). The intricate association of up-regulated MIF
expression in gastrointestinal tract malignancies makes MIF
a biomarker for gastric cancer as well as a potential target in
anti-cancer therapies. Despite its significance in cancer, the
precise role of MIF in carcinogenesis is still elusive, although
some critical MIF-mediated pathways including P115 (6),
inactivation of p53 (7), and stimulation of angiogenesis (2)
have been investigated. The literature also suggests that
CD74, the cognate receptor of MIF, upon stimulation acti-
vates NF-�B, a key molecular player in cancer and inflamma-
tion, which triggers the entry of stimulated cells into the
S-phase, elevates DNA synthesis and cell division and aug-
ments BCL-XL expression (8). CD74-MIF signaling is sus-
pected to play a vital prognostic role in many malignancies
(9). Notably, clinical immunotherapies are also being con-
ducted targeting CD74 by milatuzumab, the monoclonal
anti-CD74 antibody, in malignancies like B-cell lymphomas
(10) and multiple myeloma (11).
Mitochondria are organelles that provide the majority of the

energy inmost cells by synthesizing ATP (12). Asmitochondria
are dynamic organelles that continuously undergo fission and
fusion (12), mitochondrial structural integrity plays a critical
role in metabolic functions (13). Severe defects in either mito-
chondrial fusion or fission lead to mitochondrial dysfunction
(14). The Warburg effect proposes redundancy of mitochon-
drial oxidative phosphorylation as a major source of cellular
bioenergy production; however the heterogeneity of cancerThis work was supported by a fellowship (to R. D.) and Research Grants BEnD

and BSC 0206 from the Council of Scientific and Industrial Research, New
Delhi. This work also was supported by J. C. Bose Fellowship SB/S2/JCB-54/
2014 from the Department of Science and Technology, Ministry of Science
and Technology (DST). The authors declare that they have no conflicts of
interest with the contents of this article.

1 Both authors contributed equally to this work.
2 To whom correspondence should be addressed: Division of Infectious Dis-

eases and Immunology, CSIR-Indian Institute of Chemical Biology, 4 Raja
S. C. Mullick Rd., Jadavpur, Kolkata 700032, West Bengal, India. Tel.:
91-33-24995735; Fax: 91-33-4730284; E-mail: ubandyo_1964@yahoo.com or
udayb@iicb.res.in.

3 The abbreviations used are: MIF, macrophage migration inhibitory factor;
MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; PI,
propidium iodide; AGS, human gastric adenocarcinoma (cells); DMEM,
Dulbecco’s modified Eagle’s medium; JC-1, 5,5�,6,6�-tetrachloro-1,1�,3,3�-
tetraethylbenzimidazolylcarbocyanine iodide; RLU, relative light unit;
STED, stimulated emission depletion (microscopy); qPCR, real-time quan-
titative PCR; ANOVA, analysis of variance; ROI, region of interest; KD, knock
down; L-DOPA, L-Dopachrome methyl ester.

croARTICLE

19740 J. Biol. Chem. (2018) 293(51) 19740 –19760

© 2018 De et al. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.

This is an Open Access article under the CC BY license.

https://orcid.org/0000-0002-5928-6790
mailto:ubandyo_1964@yahoo.com
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA118.003935&domain=pdf&date_stamp=2018-10-26
http://creativecommons.org/licenses/by/4.0/


Contents lists available at ScienceDirect

BBA - General Subjects

journal homepage: www.elsevier.com/locate/bbagen

Rab7 of Plasmodium falciparum is involved in its retromer complex assembly
near the digestive vacuole

Asim Azhar Siddiqui, Debanjan Saha, Mohd Shameel Iqbal, Shubhra Jyoti Saha, Souvik Sarkar,
Chinmoy Banerjee, Shiladitya Nag, Somnath Mazumder, Rudranil De, Saikat Pramanik,
Subhashis Debsharma, Uday Bandyopadhyay⁎

Division of Infectious Diseases and Immunology, CSIR-Indian Institute of Chemical Biology, 4, Raja S. C. Mullick Road, Jadavpur, Kolkata 700032, West Bengal, India

A R T I C L E I N F O

Keywords:
Plasmodium falciparum
Rab7
GTPase
Digestive vacuole
Retromer complex

A B S T R A C T

Background:
Intracellular protein trafficking is crucial for survival of cell and proper functioning of the organelles; how-

ever, these pathways are not well studied in the malaria parasite. Its unique cellular architecture and organellar
composition raise an interesting question to investigate.

Methods:
The interaction of Plasmodium falciparum Rab7 (PfRab7) with vacuolar protein sorting-associated protein 26

(PfVPS26) of retromer complex was shown by coimmunoprecipitation (co-IP). Confocal microscopy was used to
show the localization of the complex in the parasite with respect to different organelles. Further chemical tools
were employed to explore the role of digestive vacuole (DV) in retromer trafficking in parasite and GTPase
activity of PfRab7 was examined.

Results:
PfRab7 was found to be interacting with retromer complex that assembled mostly near DV and the Golgi in

trophozoites. Chemical disruption of DV by chloroquine (CQ) led to its disassembly that was further validated by
using compound 5f, a heme polymerization inhibitor in the DV. PfRab7 exhibited Mg2+ dependent weak GTPase
activity that was inhibited by a specific Rab7 GTPase inhibitor, CID 1067700, which prevented the assembly of
retromer complex in P. falciparum and inhibited its growth suggesting the role of GTPase activity of PfRab7 in
retromer assembly.

Conclusion:
Retromer complex was found to be interacting with PfRab7 and the functional integrity of the DV was found

to be important for retromer assembly in P. falciparum.
General significance:
This study explores the retromer trafficking in P. falciparum and describes amechanism to validate DV tar-

geting antiplasmodial molecules.

1. Introduction

Plasmodium falciparum is an intracellular parasite that infects the
erythrocytes of its host. The intraerythrocytic stages of the parasite are
responsible for its pathogenesis when it digests host hemoglobin in its
DV that is a temporary organelle formed only during intraerythrocytic
stages of the parasite [1]. DV is often regarded as the metabolic head-
quarter of the parasite and a known target for several antiplasmodial
compounds [2]. The parasite thrives in the host erythrocyte and de-
pends on its hemoglobin for nutrition and growth. It has a specialized

machinery of various proteases to digest host hemoglobin inside DV
[3]. Hemoglobin digestion in DV results in the release of free heme that
is highly toxic to the cell. The DV of the parasite utilizes a unique
mechanism where it converts free heme into an insoluble and non-toxic
crystalline pigment called hemozoin [4]. Because of these factors, DV is
one of the most potential targets of antiplasmodial molecules. Orga-
nellar architecture of Plasmodium is highly dissimilar from other eu-
karyotes. It has a very unusual single mitochondrion per cell [5], its
endoplasmic reticulum is not well defined [6], Golgi bodies in Plas-
modium are primitive [7]. This peculiar organization of organelles
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SUMMARY

Plasmodium falciparum Alba domain-containing protein Alba3 (PfAlba3) is ubiquitously expressed in intra-
erythrocytic stages of Plasmodium falciparum, but the function of this protein is not yet established. Here,
we report an apurinic/apyrimidinic site-driven intrinsic nuclease activity of PfAlba3 assisted by divalent metal
ions. Surface plasmon resonance and atomic force microscopy confirm sequence non-specific DNA binding
by PfAlba3. Upon binding, PfAlba3 cleaves double-stranded DNA (dsDNA) hydrolytically. Mutational studies
coupled withmass spectrometric analysis indicate that K23 is the essential residue inmodulating the binding
to DNA through acetylation-deacetylation. We further demonstrate that PfSir2a interacts and deacetylates
K23-acetylated PfAlba3 in favoring DNAbinding. Hence, K23 serves as a putativemolecular switch regulating
the nuclease activity of PfAlba3. Thus, the nuclease activity of PfAlba3, along with its apurinic/apyrimidinic
(AP) endonuclease feature identified in this study, indicates a role of PfAlba3 in DNA-damage response
that may have a far-reaching consequence in Plasmodium pathogenicity.

INTRODUCTION

Nucleases play a fundamental role in a growing number of bio-

logical pathways ranging from cellular defense, nutrient regen-

eration, and apoptosis to nucleic acid metabolism.1 Plasmo-

dium falciparum, the etiological agent of human malignant

malaria, has mastered the art of survival by capitalizing on

its complex life cycle and intriguingly specialized metabolism

to counter host-defense strategies. The oxidative environment

under which its intra-erythrocytic stage perpetuates poses a

lethal threat to its vulnerable AT-biased genome.2 Oxidative

stress, an inevitable consequence of the parasites’ meta-

bolism along with the host immune system as a countermea-

sure, inflicts DNA damage as a consequence of its interaction

with reactive oxygen species (ROS), specifically the hydroxyl

radical. Among the several DNA lesions associated, apurinic/

apyrimidinic (AP) sites formed due to spontaneous hydrolysis

or specific excision of inappropriate or damaged bases by

DNA N-glycosylases are one of the most frequent to be

observed.3,4 It is estimated that in mammalian cells, around

10,000 bases are lost per day.5,6 The subsequent loss of an

encoding base in the DNA template may end up blocking the

DNA and RNA polymerases, thereby stalling DNA replication

and transcription. Moreover, translesional DNA synthesis

may further culminate into single-nucleotide replacements or

deletions/insertions leading to mutations. AP sites are crucial,

owing to their high chemical reactivity, and may enhance the

production of DNA breaks as well as render DNA-protein

and DNA-DNA crosslink. These AP sites, if left untreated,

can have deleterious consequences, as they are highly muta-

genic and cytotoxic.7,8 Hence, for maintaining genome integ-

rity, the repair of AP sites is a major mechanism wherein AP

endonucleases serve as key enzymes to initiate the repair pro-

cess. Out of the four nucleobases, adenine and guanine exhibit

maximum propensity for impromptu base loss. Considering

the fact that the Plasmodium falciparum genome exhibits un-

usually high adenine (A) and thymine (T) content (�80%) and

spontaneous de-adenination of DNA occurs naturally, it is

quite apparent that an active AP repair process is prevalent.

Ten DNA endonucleases encoded by the genome of Plasmo-

dium falciparum 3D7 clone have been identified, of which

seven are predicted to harbor an endonuclease/exonuclease/

phosphatase (IPR005135) domain that plays a crucial role in

DNA catalysis.9 The repair of nuclear DNA in Plasmodium

falciparum has been proposed to involve homologous recom-

bination, mismatch repair (MMR) pathways, and alternative

end joining.10,11 Putative proteins involved in nucleotide

excision repair have also been reported.12 Base excision repair

(BER) in Plasmodium falciparum is mediated via long patch

repair mechanism by class II AP endonucleases present in

the parasite lysate. Recent studies have identified two mito-

chondrial AP endonucleases in Plasmodium falciparum.13,14

Apart from these two mitochondrial AP endonucleases, three

more enzymes (uracil DNA glycosylase, flap endonuclease 1,
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Non-canonical nucleotides, generated as oxidative metabolic by-products,

significantly threaten the genome integrity of Plasmodium falciparum and

thereby, their survival, owing to their mutagenic effects. PfHAM1, an evo-

lutionarily conserved inosine/xanthosine triphosphate pyrophosphohydro-

lase, maintains nucleotide homeostasis in the malaria parasite by removing

non-canonical nucleotides, although structure–function intricacies are hith-

erto poorly reported. Here, we report the X-ray crystal structure of

PfHAM1, which revealed a homodimeric structure, additionally validated

by size-exclusion chromatography–multi-angle light scattering analysis. The

two monomeric units in the dimer were aligned in a parallel fashion, and

critical residues associated with substrate and metal binding were identified,

wherein a notable structural difference was observed in the b-sheet main

frame compared to human inosine triphosphate pyrophosphatase.

PfHAM1 exhibited Mg++-dependent pyrophosphohydrolase activity and

the highest binding affinity to dITP compared to other non-canonical

nucleotides as measured by isothermal titration calorimetry. Modifying the

pfham1 genomic locus followed by live-cell imaging of expressed

mNeonGreen-tagged PfHAM1 demonstrated its ubiquitous presence in the

cytoplasm across erythrocytic stages with greater expression in trophozoites
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Plasmodium falciparum Alba6 exhibits
DNase activity and participates in stress response
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SUMMARY

Alba domain proteins, owing to their functional plasticity, play a significant role in organisms. Here, we
report an intrinsic DNase activity of PfAlba6 from Plasmodium falciparum, an etiological agent respon-
sible for human malignant malaria. We identified that tyrosine28 plays a critical role in the Mg2+ driven
50-30 DNase activity of PfAlba6. PfAlba6 cleaves both dsDNA as well as ssDNA. We also characterized
PfAlba6-DNA interaction and observed concentration-dependent oligomerization in the presence of
DNA, which is evident from size exclusion chromatography and single molecule AFM-imaging. PfAlba6
mRNA expression level is up-regulated several folds following heat stress and treatment with artemisinin,
indicating a possible role in stress response. PfAlba6 has no human orthologs and is expressed in all intra-
erythrocytic stages; thus, this protein can potentially be a new anti-malarial drug target.

INTRODUCTION

Malaria is one of the deadliest tropical diseases and claimsmillions of lives all over the world.1 Advancement of genomic research and combi-

natorial therapeutics initially curbed the deadliness of the disease.2 Still, the rapid emergence of drug-resistant Plasmodium sp. urgently

needs more effective and advanced anti-malarial pharmacotherapeutics.3–7 The emergence of resistant Plasmodium sp. is much faster

than the invention of new therapeutics; therefore, improved strategies for identifying new drug targets require urgent attention.8 First-line

anti-malarial drugs like chloroquine, mefloquine, Malarone, and artemisinin instigate parasite genome instability and culminate in

apoptosis-like death.9–11 Various studies have proposed that artemisinin has multiple cellular targets involving reactive oxygen species

(ROS), which leads to oxidative stress in the parasites.12 Plasmodium falciparum has a plethora of DNA damage repair proteins to protect

its unique structural organization.13–15 Available genome information of P. falciparum facilitated us uncovering those putative parasite pro-

teins, which are highly conserved in parasites with no human orthologs and are essential for drug-induced DNA stress response. Thus, they

may serve as promising drug targets. Interestingly, the Plasmodium genome is 82% A + T rich, higher than any other organism.16 We inves-

tigated the DNA-interacting protein families of P. falciparum to understand how the parasite nucleic acid functions with such a unique

genomic makeup.16–20

Apart from histones, the Plasmodium genome encodes a unique DNA-RNA binding protein family, crucial for maintaining genetic and

epigenetic functions under such unique genome organization.21–27 Previously, genomic and transcriptomics data identified nuclear proteins

from the P. falciparum genome that are small, basic and dimeric, belonging to the Alba (Acetylation Lowers Binding Affinity) superfamily. The

Alba proteins came into the limelight after their identification as sequence-independent DNA binding proteins from archaeal hyper-thermo-

philes.28–30 It has been proposed that Alba’s acetylation occurs reversibly, with the non-acetyl form having greater affinity toward the

DNA.28–31 In Sulfolobus solfataricus, the acetylation and deacetylation are catalyzed by a homolog of Pat (protein acetyltransferase) and

Sir2 protein (a sirtuin family NAD-dependent deacetylase), respectively.28,32,33 Both in Euryarchaea (histone present) and Crenarchaea (his-

tone absent), Alba proteins are a significant architectural DNA binding protein, playing an essential role in the organization and regulation

of the genome.29,34–36 However, studies have revealed that these Alba proteins are also associated with the RNA through the arginine–

glycine–glycine repeat (RGG) present at the C terminal region where binding is modulated by methylation at the arginine in the RGG

box.34,37–44 Alba protein is not restricted to the Archaeal family and plants possess this protein where it plays important roles in oxidative

stress tolerance.45,46
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