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Abstract: Background: Chronic unpredictable mild stress (CUMS) is a widely used
experimental model to simulate human depression, characterized by persistent mood
disturbances and impaired neurobiological function. Despite the widespread use of
conventional antidepressants like fluoxetine, a selective serotonin reuptake inhibitor (SSRI), a
significant proportion of patients experience inadequate responses, highlighting the urgent
need for novel therapeutic approaches. Ketamine, a rapid-acting N-methyl-D-aspartate
(NMDA) receptor antagonist, has emerged as a promising antidepressant with distinct
mechanisms and rapid efficacy. This review explores the potential roles of ketamine and
fluoxetine in addressing depression induced by CUMS. We provide an in-depth analysis of the
molecular mechanisms underlying the antidepressant effects of Ketamine and Fluoxetine.
Fluoxetine exerts its antidepressant effects by enhancing serotonergic neurotransmission,
modulating neuroplasticity, and promoting hippocampal neurogenesis over prolonged
treatment periods. Meanwhile, ketamine exerts its effects through glutamatergic pathways,
enhancing synaptogenesis, restoring synaptic connectivity, and rapidly reversing stress-
induced structural deficits. Evidence suggests that ketamine may provide rapid relief of
depressive symptoms, offering a critical bridge to fluoxetine’s delayed therapeutic onset.
Furthermore, ketamine’s modulation of glutamate signaling may enhance fluoxetine’'s
neuroadaptive effects, providing a unique synergistic approach to counteract the multifaceted
neurobiological disruptions in depression. We also address potential limitations and adverse
effects, including the risk of dependency with ketamine and the tolerability concerns with long-
term fluoxetine use. Additionally, we explore emerging evidence on the optimal timing, dosage,
and sequence of administration to maximize therapeutic outcomes. In conclusion, the review
underscores the need for further research into potential roles of ketamine and fluoxetine, as
well as their individual contributions to manage CUMS-induced depression. The
complementary pharmacological profiles of these agents suggest promising avenues for
personalized treatment strategies, offering hope for individuals with treatment-resistant
depression and enhancing our understanding of depression pathophysiology. In Conclusion
ketamine is a promising agent in treating CUS-driven depression, providing hope for patients
with severe, stress-related depressive symptoms. However, its use requires careful
consideration of safety, monitoring, and long-term implications. Fluoxetine remains a
cornerstone treatment for CUS-driven depression due to its ability to modulate serotonin
levels, promote neuroplasticity, and reverse stress-induced neurochemical changes.
However, its delayed onset and side effect profile highlight the need for careful patient
selection and management. In cases of severe, rapid-onset stress-driven depression, it may
be supplemented or preceded by faster-acting interventions like ketamine.
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Introduction.
Depression is considered as one of the most common causes of disability all over the world [1]. It is reported by the

World Health Organization [2] that it is the main contributor to worldwide disability, which affects about 322 million
people. It has been listed by WHO as the third major cause of disease burden since 2008, and is expected to be the
first by 2030 [3,4]. Depression is the commonest mental disorder in the U.S. [5]. Depression affects the quality of life
of depressed patients [6], and it is also the principal cause of suicidal behavior [7]. Numerous clinical studies showed
that the depression rate in the U.S. population rose from 6.6% in 2005 to 7.3% in 2015 [8]. The most rapid increases
from 2005 to 2015 were observed among adolescents and people at the highest and lowest socioeconomic status.
These increases were proportionate to race/nationality and sex, among all groups [9].

According to the 5th edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-5) [10], the diagnosis
of major depressive disorder (MDD) is determined by the finding of five or more symptoms of these nine symptoms:
bad mood, loss of interest or decreased pleasure, weight loss or weight gain, sleep disturbances, psychomotor agitation
or retardation, fatigue or loss of energy, feelings of worthlessness or shame, reduced ability to think or hesitancy, and
recurrent thoughts of death or recurrent suicidal ideas for 2 or more weeks. For the diagnosis of major depression,
either 'depressed mood' or 'loss of interest or pleasure’ must be presented [11]. So, the diagnosis of MDD depends
mainly on patients’ self-report, clinical examination, and evaluation of depressive symptoms [12].
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Figure (1) Hypotheses of depression [12].

Monoamine hypothesis:

The pathogenesis of MDD is explained by several hypotheses including changes in monoaminergic neurotransmission,
imbalance of excitatory and inhibitory signaling in the brain, hyperactivity of the hypothalamic—pituitary adrenal
(HPA) axis, inflammation, and abnormalities in normal neurogenesis [13,14]. Information transmission in the brain is
mediated by molecules known as monoamines which act to create connections between presynaptic neurons and
postsynaptic ones [15]. They are sorted according to their chemical structure and mechanism of action [16]. As they
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have different chemical structures, each monoamine has its own specific receptor [15] and has an individual function
in the brain [17-19]. For example, 5HT is a central nervous system monoamine that has a basic role in controlling
appetite, circadian cycle, anxiety, memory, and learning. Dopamine is another important monoamine that is
responsible for motivation and regulates pleasure, reward, and emotion. Norepinephrine (NA) is another important
one that controls attention, emaotions, cognition, and social interactions. The depletion of brain monoamines such as
serotonin, dopamine, and NA in patients’ brains is responsible for depression development [20].

So, it was hypothesized by many studies that the primary pathway of MDD pathogenesis is the depletion of
monoamine neurotransmitters, such as norepinephrine and serotonin, the main neurotransmitter [21]. The monoamine
hypothesis is recognized as the main theory for MDD pathophysiology, leading to the use of selective serotonin
reuptake inhibitors as a treatment for depression worldwide [22].

Oxidative stress hypothesis:

The oxidative stress hypothesis of depression posits that an imbalance between reactive oxygen species (ROS)
production and the body’s antioxidant defense mechanisms plays a significant role in the pathophysiology of
depression [23]. It is reported by clinical studies that oxidative stress is one of the principal causes of depression [23],
as the brain is more susceptible to oxidative stress (OS) because of its high oxygen demand, high lipid content, and
low antioxidant mechanisms [24,25]. Oxidative stress can activate inflammatory pathways in the brain, leading to
neuroinflammation. Elevated levels of pro-inflammatory cytokines (such as TNF-a and IL-1B) can disrupt
neurotransmitter systems and neuronal functions, contributing to depressive symptoms [25].

Oxidative stress can significantly impact neurotransmitter systems, which are crucial for mood regulation and
cognitive function, by disrupting neurotransmitter synthesis. For instance, the synthesis of serotonin from tryptophan
involves the enzyme tryptophan hydroxylase, which may be impaired by oxidative damage to the enzyme or its
cofactors. Oxidative stress can also deplete essential co-factors, such as tetrahydrobiopterin (BH4), necessary for the
production of neurotransmitters like serotonin and dopamine. Reduced availability of these co-factors can lead to
decreased levels of neurotransmitters [26].

Oxidative stress is evidenced by an increase in the levels of oxidative stress markers in the blood of depressed patients
[27]. The most common markers in the enzymatic antioxidant process are the levels of catalase (CAT) and superoxide
dismutase (SOD) [28]. The main marker for the non-enzymatic antioxidant defense mechanism is glutathione (GSH).
SOD transforms superoxide anion radicals into hydrogen peroxide, thereby decreasing the interaction between
superoxide anion and nitric oxide to form reactive peroxynitrite [28]. CAT is an important antioxidant enzyme that
catalyzes the decomposition of hydrogen peroxide into water and oxygen [29], effectively reducing the levels of this
potentially harmful ROS. By converting H-O: into non-toxic byproducts, catalase prevents oxidative damage to
cellular components, including lipids, proteins, and DNA [30].

SOD and CAT are crucial enzymes in the cellular defense against oxidative stress. Their sequential and
complementary actions help to maintain redox balance and protect cells from oxidative damage. Understanding the
interplay between SOD and CAT can inform potential therapeutic strategies aimed at enhancing antioxidant defenses
and alleviating oxidative stress-related conditions [31].

Malondialdehyde (MDA) is the main product of lipid peroxidation, a process in which ROS attack lipids in cell
membranes, leading to cell damage. MDA is a highly toxic aldehyde that serves as a biomarker for oxidative damage
[32]. Studies on lipid peroxidation in depressed patients revealed an increase in the levels of MDA and other lipid
peroxidation products [33,34]. Furthermore, patients with depression showed a decrease in the SOD, and CAT levels
and an increase in MDA levels. Besides their main role in increasing monoamine levels, antidepressants, especially
SSRis, are effective in reducing oxidative damage in depressed patients [28].

HPA axis dysfunction hypothesis:

The HPA axis and oxidative stress hypothesis are two important concepts in understanding the body's response to
stress and its implications on health. The HPA axis is a complex set of interactions among the hypothalamus, pituitary
gland, and adrenal glands that regulate various body functions, including the stress response. On exposure to stressors,
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the hypothalamus releases corticotropin-releasing hormone (CRH), stimulating the pituitary gland to release
adrenocorticotropic hormone (ACTH) [35]. This, in turn, triggers the adrenal glands to produce cortisol. Chronic stress
can lead to dysregulation of the HPA axis, resulting in altered cortisol levels, which may contribute to mental health
disorders, obesity, cardiovascular diseases, and metabolic syndrome. Chronic activation of the HPA axis can lead to
increased production of ROS [25].

Increased cortisol levels can exacerbate oxidative stress, leading to potential cellular damage. Additionally, prolonged
activation of the HPA axis due to chronic stress can enhance oxidative stress, creating a feedback loop that may further
dysregulate the HPA axis and exacerbate health problems. Targeting both the HPA axis and oxidative stress pathways
can be beneficial in treating conditions related to stress, such as anxiety and depression. Treatment of depressed
patients with antidepressants inhibits the HPA axis and normalizes elevated cortisol levels associated with depression
[23,36,37]. Many antidepressants improve the negative feedback mechanism of the HPA axis, which may be impaired
in depressed individuals. This can lead to a reduction in CRH and ACTH secretion, ultimately decreasing cortisol
production [38].

The inflammatory hypothesis of depression

The inflammatory hypothesis of depression suggests that chronic low-grade inflammation plays a central role in the
development and persistence of depressive symptoms. This theory is supported by evidence showing elevated levels
of pro-inflammatory cytokines such as interleukin-1 beta (IL-1p), interleukin-6 (IL-6), tumor necrosis factor-alpha
(TNF-a), and C-reactive protein (CRP) in individuals with depression. These inflammatory mediators can cross the
blood-brain barrier and influence central nervous system (CNS) function, leading to alterations in key neural pathways.
For example, inflammation can dysregulate the hypothalamic-pituitary-adrenal (HPA) axis, resulting in
hypercortisolemia, and disrupt neurotransmitter systems such as serotonin, norepinephrine, and dopamine.
Additionally, cytokines can decrease the availability of tryptophan, a precursor for serotonin synthesis, by activating
the kynurenine pathway, ultimately reducing serotonin levels and contributing to depressive symptoms [25].
Neuroinflammation also affects synaptic plasticity and neural connectivity, particularly in brain regions like the
prefrontal cortex, hippocampus, and amygdala, which are critical for mood regulation. Pro-inflammatory cytokines
impair neurogenesis by inhibiting brain-derived neurotrophic factor (BDNF) signaling and promoting neuronal
apoptosis. Moreover, inflammation-induced oxidative and nitrosative stress further damages neurons and glial cells,
exacerbating the neurobiological changes associated with depression. This hypothesis explains why some patients
with depression, especially those resistant to conventional antidepressants, may benefit from treatments targeting
inflammation. Anti-inflammatory agents, such as NSAIDs, cytokine inhibitors, and even lifestyle interventions like
diet and exercise, have shown promise in reducing depressive symptoms in these cases, further supporting the link
between inflammation and depression [25].

Other factors implicated in the pathogenesis of depression:

Depression can be a complication of some diseases such as obesity [39], diabetes [40], anxiety [41], Alzheimer’s
disease (AD), and schizophrenia [42,43]. There are a lot of theories that explain the pathogenesis of depression, such
as genetic disposition and changes in brain structure or function [44]. The cause of depression is unclear, but it is
thought that MDD depends on several factors such as social, psychological, genetic, and biological factors [45]. Long-
term exposure to psychological or physical stress is one of the most common predisposing factors for major depressive
disorder [46]. Chronic stress causes dysregulation of HPA axis activity, decreases neurotrophic factors (such as Nerve
Growth Factor (NGF) and BDNF), and increases inflammatory mediators (such as IL-6, TNF-a, and iNOS) [47-49].
These pathological events can cause atrophic changes and volume reduction in brain regions responsible for emotional
and stress responses, like the prefrontal cortex, hippocampus, and amygdala [50].

Experimental induction of depression:

Depression can be induced by several methods including drugs such as clonidine [51] and reserpine [52], which
irreversibly inhibit vesicular reuptake of monoamines [53]. Reserpine is commonly used in experimental animal
models via intraperitoneal (IP) injection for the induction of depression [54]. Another way to induce depression is by
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the chronic administration of lipopolysaccharides (LPS) intraperitoneally [55]. Additionally, depression can be
induced by subcutaneous administration of Monosodium Glutamate (MSG), which is a food additive [56]. Recently,
depression can be induced by exposure to chronic unpredictable mild stressors (CUMS) [57], one of the most widely
used and popular models of depression, providing the best attempt to simulate the human depressive state [58]. These
mild stressors include food deprivation for 24 hours, water deprivation for 24 hours, cage tilting for 24 hours, wet
bedding overnight, overcrowding of the cage, and reversal of the light-dark cycle [59].

Treatment of depression:

Treatment for MDD involves psychological or pharmacological treatments, or a combination of both. In the majority
of cases, patients prefer psychological treatment over pharmacological treatment [60], although patients with severe
depressive symptoms must be treated with drug-based therapy [61]. A variety of antidepressant agents exist with
different mechanisms of action, but they share common aims. It is evidenced by preclinical and clinical studies that
antidepressant drugs such as monoamine oxidase inhibitors (MAOIs) and selective serotonin reuptake inhibitors
(SSRIs) have antioxidant actions by increasing the antioxidant capacity [62].

From the perspective of the monoamine hypothesis, the primary mechanism of antidepressant drugs is to increase the
availability of key neurotransmitters such as serotonin (5-HT), norepinephrine (NE), and dopamine (DA) in the
synaptic cleft. These drugs include selective serotonin reuptake inhibitors (SSRIs), tricyclic antidepressants (TCAS),
norepinephrine—dopamine reuptake inhibitors (NDRIs), serotonin-norepinephrine reuptake inhibitors (SNRIs), and
monoamine oxidase inhibitors (MAOIs). However, this hypothesis does not fully explain the complexity of
depression, as the therapeutic effects of these drugs often take weeks to manifest despite rapid increases in
neurotransmitter levels [63].

According to the inflammatory hypothesis of depression, elevated levels of pro-inflammatory cytokines and systemic
inflammation are associated with the onset and persistence of depressive symptoms. Anti-inflammatory medications,
such as nonsteroidal anti-inflammatory drugs (NSAIDs), may help alleviate depressive symptoms, either directly by
reducing inflammation or indirectly by enhancing the efficacy of conventional antidepressants, particularly in
treatment-resistant depression [64—-66].

Shortly after the discovery of SSRIs, they became a basic treatment for different psychiatric disorders. Their
mechanism of action is through the inhibition of presynaptic serotonin reuptake at the serotonin transporter, leading
to increased serotonin at the postsynaptic membrane in the synaptic gap. Nowadays, there are six major SSRIs on the
market (fluoxetine, citalopram, escitalopram, paroxetine, sertraline, and fluvoxamine), which have different chemical
structures but similar mechanisms of action. Each SSRI has unique pharmacokinetics, pharmacodynamics, and side
effects [67].

The therapeutic effects of selective serotonin reuptake inhibitors (SSRIs) are not solely explained by their inhibition
of the serotonin transporter (SERT). While SSRIs increase serotonin availability in the synaptic cleft shortly after
administration, their full therapeutic effects typically take four to six weeks to manifest. This delay is attributed to
secondary mechanisms, including neuronal adaptation and changes in brain homeostasis. SSRIs induce neuronal stress
and activate downstream signaling pathways, leading to increased neuroplasticity, enhanced brain-derived
neurotrophic factor (BDNF) expression, and remodeling of synaptic connections. These processes are thought to
underlie the long-term antidepressant effects, highlighting the complexity of their action beyond the initial modulation
of serotonin flux [68].

SSRI studies initially targeted depression, but these drugs are also effective for anxiety disorders. SSRIs are preferred
over TCAs due to better compliance and a favorable side effect profile [69]. However, SSRIs still have a range of
adverse effects that need to be monitored, including common side effects like nausea, vomiting, sleep disturbances,
dizziness, and headaches, and less common effects such as serotonin syndrome, QT prolongation, and birth defects
[67,70].
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Role of Ketamine in chronic unpredictable mild stress

Chronic unpredictable mild stress (CUMS) serves as a robust preclinical model to induce depressive-like behaviors in
animals. It mimics the multifactorial nature of human depression, encompassing environmental, genetic, and
neurochemical factors. CUMS-induced alterations in behavior and neurobiology make it an ideal platform to evaluate
novel antidepressant strategies [71-74].

Ketamine, a dissociative anesthetic and a N-methyl-D-aspartate (NMDA) receptor antagonist, has gained significant
attention for its rapid-acting antidepressant effects in treatment-resistant depression (TRD). Its discovery has
revolutionized psychiatric therapeutics, offering a new dimension to managing depressive disorders, particularly in
scenarios where conventional treatments fail [71].

figure (2) chemical formula of ketamine. [72].

The chemistry of ketamine reveals its structural uniqueness as a phencyclidine derivative. Ketamine exists as a racemic
mixture of R- and S-enantiomers, with the S-enantiomer (esketamine) exhibiting higher NMDA receptor affinity. Its
lipophilic nature facilitates blood-brain barrier penetration, enhancing its central nervous system activity and its
efficacy in clinical applications [72].

Pharmacokinetically, ketamine exhibits rapid absorption following intravenous, intramuscular, or intranasal
administration. Its hepatic metabolism primarily involves cytochrome P450 enzymes, producing active metabolites
such as norketamine, which contribute to its therapeutic effects. The half-life of ketamine ranges from 2-3 hours,
facilitating rapid onset [73,74].

The pharmacodynamics of ketamine highlight its role as a non-competitive NMDA receptor antagonist. Ketamine
binds to the phencyclidine site within the NMDA receptor channel, inhibiting calcium influx and modulating
glutamatergic neurotransmission. This action is thought to underlie its rapid antidepressant effects, particularly in
synaptic plasticity and neurogenesis [75].

The mechanism of action of ketamine extends beyond NMDA receptor antagonism. Emerging evidence suggests that
ketamine enhances synaptic connectivity through increased BDNF release and activation of the mammalian target of
rapamycin (MTOR) pathway. These effects contribute to rapid alleviation of depressive symptoms and resilience
against stress [76,79].

Adverse events associated with ketamine include dissociation, transient hypertension, and potential for misuse due to
its psychotomimetic properties. Despite these concerns, careful monitoring and dosing adjustments mitigate these
risks in clinical settings, ensuring safety and efficacy [81].
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Clinical studies evaluating ketamine’s efficacy in CUMS-induced depression highlight its ability to rapidly reverse
depressive-like behaviors. Animal models demonstrate improvements in sucrose preference, mobility in forced swim
tests, and normalization of hippocampal BDNF levels, emphasizing its potential in stress-induced depression [83].
Role of Fluoxetine in chronic unpredictable mild stress

Fluoxetine, a selective serotonin reuptake inhibitor (SSRI), is a cornerstone in the pharmacological management of
depression. By inhibiting serotonin reuptake, fluoxetine increases serotonin levels in the synaptic cleft, leading to
improved neurotransmission and mood regulation. [73].

Fluoxetine, characterized by its extensive half-life (4-6 days for the parent compound and up to 16 days for its active
metabolite, norfluoxetine), provides prolonged therapeutic effects. Metabolized by CYP2D6, fluoxetine demonstrates
interindividual variability influenced by genetic polymorphisms, potentially affecting its pharmacokinetic profile
when combined with ketamine [75:78].

Figure (3) shows chemical structure of fluoxetine. [73].
Fluoxetine’s pharmacodynamics involve the blockade of the serotonin transporter (SERT), reducing serotonin
reuptake. This leads to increased serotonin availability in the synaptic cleft and sustained receptor activation.
Additionally, fluoxetine exhibits downstream effects on neuroplasticity, including brain-derived neurotrophic factor
(BDNF) upregulation, complementing ketamine’s mechanisms [76].
Fluoxetine’s mechanism involves both acute and chronic effects on serotonergic neurotransmission. Over time, it
induces receptor desensitization and downstream signaling cascades, including activation of the extracellular signal-
regulated kinase (ERK) pathway. [80].
Fluoxetine’s side effect profile includes nausea, insomnia, and sexual dysfunction, which can affect patient adherence.
When used in combination with ketamine, monitoring for additive effects, particularly on the central nervous system,
becomes critical to optimize therapeutic outcomes [81, 82].Fluoxetine’s role in CUMS models involves gradual
amelioration of depressive symptoms through serotonin-mediated pathways. [84,85].

In Conclusion: ketamine offers a breakthrough in treating CUS-driven depression, providing hope for patients with
severe, stress-related depressive symptoms. However, its use requires careful consideration of safety, monitoring, and
long-term implications. Fluoxetine remains a cornerstone treatment for CUS-driven depression due to its ability to
modulate serotonin levels, promote neuroplasticity, and reverse stress-induced neurochemical changes. However, its
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delayed onset and side effect profile highlight the need for careful patient selection and management. In cases of
severe, rapid-onset stress-driven depression, it may be supplemented or preceded by faster-acting interventions like

ketamine.
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